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ABSTRACT 
Ryan Andrew Martin: Competition as a driver of diversity within and between species 
(Under the direction of David Pfennig) 
Identifying the processes that generate biological diversity is a major goal of 
evolutionary biology. One such process is character displacement: trait divergence caused 
by selection to minimize resource competition. Character displacement contributes to 
biological diversity by enhancing phenotypic differences both between and within 
species, facilitating species coexistence, and promoting speciation and adaptive radiation. 
Despite this, the factors that influence whether and how character displacement occurs 
remain unclear. My dissertation research seeks to address this gap.  
Intraspecific character displacement may be driven by disruptive selection, which 
occurs when extreme phenotypes have a fitness advantage over more intermediate 
phenotypes. However, disruptive selection is assumed to be rare. I document disruptive 
selection in natural populations of spadefoot toad tadpoles (Spea multiplicata). Further, I 
show that this disruptive selection reflects both ecological specialization and resource 
competition. I suggest that because ecological specialization and competition are 
widespread, disruptive selection may more common than is currently recognized.  
Resource polymorphism – the occurrence within a population of discrete resource-use 
morphs – is one possible outcome of intraspecific character displacement. Yet, few 
 iv!
studies have evaluated what ecological factors favor resource polymorphism’s 
evolution. I combine observations of natural populations with an experiment to assess the 
causes of resource polymorphism in S. multiplicata tadpoles. My results suggest that 
ecological opportunity, along with intraspecific competition, are required for resource 
polymorphism to evolve. 
The role of maternal effects in character displacement is unclear. I investigate the role 
of maternal effects in the expression of resource polymorphism in S. multiplicata. I found 
that mothers influenced the morph determination of their offspring via condition 
dependent investment in eggs. In addition, my results suggest that maternal investment 
may mediate interspecific character displacement between S. multiplicata and a 
heterospecific competitor.  
Finally, which particular traits experience selection during character displacement can 
influence whether and how character displacement occurs. However, few studies identify 
the targets of selection during character displacement. I found that in competition with a 
heterospecific, selection on a single trait drove correlated selection on additional traits in 
S. multiplicata tadpoles. In addition, I suggest that interacting species might differ in the 
traits under selection during character displacement.  
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!CHAPTER I 
GENERAL INTRODUCTION 
 The competition for resources among individual organisms is an intense and 
pervasive agent of natural selection and an important evolutionary driver of biological 
diversity.  Because competition leads to a reduction in fitness, natural selection tends to 
favor traits that minimize competition. As consequence, competition promotes divergent 
evolution, both within populations, and between co-occurring species. This process, 
termed character displacement (Brown and Wilson 1956), contributes to biological 
diversity by enhancing phenotypic differences, facilitating species coexistence, and 
promoting speciation and adaptive radiation (Pfennig and Pfennig 2010).  
 The potential importance of resource competition to the origins of biological diversity 
was first championed by Darwin (1859), who verbally laid out how resource competition 
could drive the evolution of phenotypic divergence. Darwin first postulated that 
phenotypically similar organisms would compete more for resources, writing, “that is the 
most closely-allied forms, -varieties of the same species, and species of the same genus, 
or of related genera, - which, from having nearly the same structure, constitution, and 
habits, generally come into the severest competition with each other…” Because of this, 
he reasoned both that natural selection should cause similar populations and species to 
diverge in resource us, and by doing so, a greater diversity of life could be supported in 
the same community because of resource partitioning.  Specifically he wrote “Natural 
selection, also, leads to divergence of character; for more living beings can be supported 
!"
on the same area the more they diverge in structure, habits, and constitution, of which we 
see proof by looking at the inhabitants of any small spot or at naturalised productions. 
Therefore during the modification of the descendants of any one species, and during the 
incessant struggle of all species to increase in numbers, the more diversified these 
descendants become, the better will be their chance of succeeding in the battle of life. 
Thus the small differences distinguishing varieties of the same species, will steadily tend 
to increase till they come to equal the greater differences between species of the same 
genus, or even of distinct genera.” (Darwin 1859). 
 After Darwin, much of the subsequent support for character displacement was 
indirect, inferred from the pattern that species are more dissimilar in resource-use traits 
where they co-occur than where they are found alone (reviewed in Schluter 2000).  
Recent experiments, however, provide direct support for Darwin’s original theory, 
describing how resource competition promotes character displacement, or as he coined 
the process “divergence of character” (reviewed in Pfennig and Pfennig 2010). These 
experiments have tested and found support for two key predictions, originally suggested 
by Darwin: (1) that resource competition is more intense between phenotypically similar 
competitors (Pacala and Roughgarden 1985; Pritchard and Schluter 2001; Gray and 
Robinson 2002: Schluter 2003; Bolnick 2004; Pfennig et al. 2007) and (2) competition 
between similar competitors selectively favors evolutionary divergence between them 
(Schluter 1993,1994; Pfennig et al. 2007; Tyerman et al. 2008; Martin and Pfennig 2009). 
While the fact that character displacement occurs is now clear, many of the factors that 
influence whether and how character displacement occurs remain unclear. For example, 
the role of character displacement in promoting divergence within populations of the 
! "!
same species has been understudied. In fact, until recently, such intraspecific divergent 
selection was considered rare and unstable (reviewed in Bolnick 2004). Similarly, the 
idea that competition alone is not sufficient for character displacement to occur and that 
ecological opportunity must exist is rarely considered (Pfennig et al. 2006; Martin and 
Pfennnig 2010). In addition, the proximate mechanisms underlying character 
displacement, in particular, the role of the environment, especially the parental 
environment, are little known (Pfennig and Martin 2009, 2010.) Finally, which particular 
traits experience selection during character displacement can influence whether and how 
character displacement occurs. However, few studies identify the targets of selection 
during character displacement. In the following chapters I address these issues, and 
discuss how my dissertation research furthers our understanding of character 
displacement. 
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This chapter is modified from Martin, R. A. and D. W. Pfennig 2009. Disruptive 
selection in natural populations: the roles of ecological specialization and resource 
competition. American Naturalist 174: 268-261. 
CHAPTER II 
DISRUPTIVE SELECTION IN NATURAL POPULATIONS: THE ROLES OF 
ECOLOGICAL SPECIALIZATION AND RESOURCE COMPETITION
1 
SUMMARY 
Disruptive selection is potentially critical in maintaining variation and initiating 
speciation. Yet, there are few convincing examples of disruptive selection from nature. 
Moreover, relatively little is known about the causes of disruptive selection. Here, we 
document disruptive selection and its causes in natural populations of spadefoot toad 
tadpoles (Spea multiplicata), which are highly variable in trophic phenotype and resource 
use. Using a mark-recapture experiment in a natural pond, we show that selection favors 
extreme trophic phenotypes over intermediate individuals. We further show that such 
disruptive selection likely reflects both ecological specialization and resource 
competition. Evidence for ecological specialization comes from two field experiments, 
which demonstrate that extreme phenotypes forage more effectively on the main 
alternative resource types. Support for competition’s role in disruptive selection comes 
from two additional experiments, which demonstrate that intermediate phenotypes, which  
!!
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are often the most common phenotype present, compete more with each other than with 
extreme forms, and that the intensity of disruptive selection increases with conspecific 
density. Generally, ecological specialization and competition are widespread, suggesting 
that many populations may experience some level of disruptive selection. Thus, 
disruptive selection may be a more common force contributing to phenotypic variation in 
natural populations than is currently recognized.  
 
INTRODUCTION 
Identifying the mechanisms that generate and maintain variation within natural 
populations has long been a major goal of evolutionary biology. One such mechanism is 
disruptive selection. Disruptive selection arises when extreme phenotypes have a fitness 
advantage over more intermediate phenotypes (Mather 1953). By favoring extreme 
phenotypes, disruptive selection maintains, and may even increase, variation in natural 
populations (Rueffler et al. 2006). Moreover, such selection could result in the evolution 
of discrete phenotypes within populations (Smith and Skúlason 1996), which might 
trigger speciation if these phenotypes become reproductively isolated from one another 
(Maynard Smith 1966; Rosenzweig 1978; Dieckmann and Doebeli 1999).  
Despite its potential importance in maintaining variation and possibly initiating 
speciation, disruptive selection has received relatively little empirical attention. 
Historically, disruptive selection was assumed to be rare (Endler 1986). Yet, a recent 
meta-analysis suggests that disruptive selection may be as common as stabilizing 
selection in natural populations (Kingsolver et al. 2001). Moreover, recent research has 
unearthed several convincing examples of disruptive selection in natural populations 
!!
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(Smith 1993; Medel et al. 2003; Bolnick 2004; Pfennig et al. 2007; Bolnick and Lau 
2008; Calsbeek and Smith 2008; Hendry et al. 2009). Thus, disruptive selection may be 
more common than is generally assumed, and, therefore, deserving of greater empirical 
scrutiny to understand its role in promoting phenotypic diversity.  
Because few studies have focused specifically on disruptive selection in natural 
populations, relatively little is known of its underlying causes. A frequently cited cause of 
disruptive selection is ecological specialization (Smith and Skúlason 1996). According to 
this view, disruptive selection arises when individuals with extreme phenotypes are better 
adapted to alternative niches (e.g., different resource types) than are individuals with 
intermediate phenotypes (Levene 1953; Mather 1955; Maynard Smith 1962; Levins 
1968). Such ecological specialization has been documented in several systems that are 
experiencing disruptive selection (Smith 1993; Robinson et al. 1996; Medel et al. 2003; 
Calsbeek 2009; Hendry et al. 2009).  
Evolutionary biologists have long known, however, that ecological specialization, by 
itself, cannot lead to evolutionarily stable disruptive selection. Disruptive selection that is 
driven by ecological specialization alone should quickly break down as the population 
evolves to utilize a single niche. Indeed, this lack of evolutionary stability was why 
disruptive selection was assumed to be rare (Endler 1986). However, this view 
presupposes that each phenotype has a specific fitness determined by an underlying static 
fitness landscape (Bolnick 2004). If, instead, the fitness of each phenotype depends on its 
frequency in the population – that is, fitness is frequency dependent – then the fitness 
landscape will be dynamic and the mean phenotype will be kept in a fitness valley, 
allowing for persistent disruptive selection. 
!!
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A key driver of frequency dependent fitness is intraspecific competition (Milinski and 
Parker 1991). Indeed, theory suggests that intraspecific competition can generate 
disruptive selection (Rosenzweig 1978; Wilson and Turelli 1986; Day and Young 2004; 
Rueffler et al. 2006). In a population that exploits a continuously varying resource 
gradient, intraspecific competition should cause selection to favor individuals with 
extreme resource-use traits, because such individuals specialize on less common, but 
underutilized, resources on either end of the resource gradient (Fig. 2.1). This process is 
driven by negative frequency-dependent selection, in which rare resource-use phenotypes 
have a fitness advantage because of decreased competition with more common forms 
(Day and Young 2004; Rueffler et al. 2006). 
Despite these longstanding theoretical arguments, competition’s role in promoting 
disruptive selection has proved to be difficult to demonstrate in natural populations 
(Rueffler et al. 2006). Some support comes from a recent study showing that intraspecific 
competition for food can favor extreme trophic phenotypes in natural populations of 
stickleback fish (Bolnick 2004). Moreover, several studies have shown that competition 
generates negative frequency dependence among different resource-use phenotypes 
(Pfennig 1992; Hori 1993; Benkman 1996; Maret and Collins 1997), which, as noted 
above, is a hallmark of competitively mediated disruptive selection. Nevertheless, 
additional studies are needed to establish the generality of competitively mediated 
disruptive selection.  
Another issue requiring clarification is whether both ecological specialization and 
intraspecific competition act in generating disruptive selection. Most studies of disruptive 
selection treat these two agents separately, focusing on one or the other. However, neither 
!!
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agent can drive persistent disruptive selection by acting alone; they must act in concert. 
Indeed, ecological specialization, caused by functional tradeoffs among different 
resource-use phenotypes are what allow for frequency dependent competition, thereby 
generating disruptive selection. Yet, empirical studies are needed to establish that both 
intraspecific competition and ecological specialization indeed act during disruptive 
selection. 
Here, we employ an experimental approach to address these issues in a natural 
population of spadefoot toads. Tadpoles of Mexican spadefoot toads (Spea multiplicata) 
express a striking resource polymorphism, the extremes of which are represented by two 
distinct ecomorphs: (1) an “omnivore” ecomorph – a round-bodied tadpole with a long 
intestine, small jaw muscles, numerous labial teeth, and smooth mouthparts used for 
feeding primarily on organic detritus on the pond bottom; and (2) a “carnivore” 
ecomorph – a narrow-bodied tadpole with a short intestine, greatly enlarged jaw muscles, 
few labial teeth, and notched mouthparts used for feeding on anostracan fairy shrimp in 
the water column (Fig. 2.2A). In addition, in some ponds, individuals that are 
intermediate between omnivores and carnivores in both morphology and resource use 
exists and may be the most common phenotype present (Pfennig 1990).  
Previous research by Pfennig and colleagues (2007) suggests that disruptive selection 
disfavors intermediate phenotypes in this system. Specifically, they sampled numerous, 
natural populations and found that omnivores and carnivores tend to be larger at 
metamorphosis than intermediate individuals. They speculated that both ecological 
specialization and competition drive disruptive selection. Ecological specialization may 
select against intermediate individuals because they likely feed less effectively than 
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""!
extreme forms on the main alternative resource types: fairy shrimp and detritus (Fig. 
2.2B-E). In addition, intermediate individuals might also suffer from greater intraspecific 
competition for resources. Intermediates are often the most common phenotype among 
young tadpoles (D. Pfennig, unpubl. data). Provided that competition is strongest 
between phenotypically similar individuals, intermediate individuals should face greater 
competition than more extreme forms. 
In the present study, we specifically sought to document disruptive selection and 
establish its causes. In particular, we hypothesized that, if both ecological specialization 
and intraspecific competition for resources generate disruptive selection on trophic 
morphology in S. multiplicata, then we predicted that: 
(1) omnivores and carnivores should have higher fitness than intermediate 
individuals. 
(2) the two extreme morphs should outperform intermediate individuals on the two 
alternative resources types. Specifically, omnivores should grow more than 
intermediate individuals when both are forced to feed on detritus, and carnivores 
should consume fairy shrimp faster than intermediate individuals when both are 
forced to feed on fairy shrimp. 
(3) competition should be strongest between phenotypically similar competitors, and 
the strength of disruptive selection should increase with the intensity of 
competition. 
In the experiments outlined below, we sought to test each of these three predictions. 
 
MATERIALS AND METHODS 
!!
"#!
Testing Prediction 1: Testing for Disruptive Selection 
We evaluated the relationship between fitness and trophic morphology in a natural 
pond by measuring three proxies of fitness: survival, developmental stage, and body size 
(The latter two likely serve as reliable proxies for fitness: there is a premium on rapid 
development in the ephemeral ponds in which S. multiplicata typically breed [Pfennig 
1992], and larval body size predicts several fitness components [Pfennig et al. 2007]). We 
first carried out a mark-recapture study to ask if individuals that were intermediate in 
trophic morphology were less likely to survive and were less developmentally advanced 
than were individuals that were more extreme in trophic morphology. Second, within the 
same pond, we asked if tadpoles intermediate in trophic morphology achieved smaller 
body size than individuals with more extreme trophic morphology.  
To perform the mark-recapture study, we collected 554 S. multiplicata tadpoles from 
an ephemeral pond near Portal, AZ (31°56’21.27”N, 109°05’09.82”W, 1325 m elevation) 
in July 2008. Spea multiplicata was the only species of Spea present in this pond (i.e., a 
sympatric congener, S. bombifrons, had not been seen in this pond for at least the last 14 
years; D. Pfennig, pers. observ.) 
Eleven days after the pond filled with water, tadpoles were collected from randomly 
selected sites throughout the pond using a hand-held dip net. We immediately transported 
the tadpoles to the nearby Southwestern Research Station (SWRS). While at SWRS, the 
tadpoles were kept in a wading pool (1.83 m diameter X 0.3 m tall filled 45 cm deep with 
dechlorinated well water) and fed ground fish food ad libitum.  
We identified each tadpole from its overall external morphology as an omnivore, 
carnivore, or intermediate (based on the criteria outlined in Pfennig 1990) and gave it a 
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morph-specific mark. We used a 26-gauge hypodermic needle to inject a fluorescent 
colored elastomer (Northwest Marine Technology, Inc., Shaw Island, WA) into the dorsal 
tail membrane of each tadpole. Previous studies have shown that these marks do not 
differentially affect tadpole predation or survival (Pfennig and Murphy 2000; Pfennig and 
Rice 2007). In total, 303 omnivore tadpoles were marked with yellow elastomer, 113 
carnivore tadpoles were marked with orange elastomer, and 138 tadpoles intermediate in 
trophic morphology were marked with blue elastomer (the three morphotypes were 
marked according to the proportions in which they were captured from the pond). Two 
days later, we released the marked tadpoles into their natal pond.  
After we released the marked tadpoles, we randomly sampled (and immediately 
released) about 500 tadpoles twice daily and checked their developmental stage to 
determine when the first metamorphs were about to appear. When the first metamorphs 
did appear (eight days after the marked tadpoles were released and 21 days after the pond 
filled with water), we immediately collected 1500 tadpoles from randomly selected sites 
throughout the pond using a hand-held dip net. We killed these tadpoles by immersion in 
a 0.1% aqueous solution of tricane methanesulfonate (MS 222) and preserved them in 
95% ethanol. We also searched a 2 m area around the pond’s margins for any 
metamorphs. We recovered six metamorphs, all of which bore the mark of carnivores (it 
is unlikely that a significant number of metamorphs escaped our detection). We repeated 
this entire procedure the next day, until we had sampled 3000 tadpoles. We then 
examined the tail of each individual for the presence of an elastomer mark. We used these 
data to determine if individuals that were given a blue elastomer (and were therefore, 
intermediate in trophic morphology as tadpoles) were less likely to survive than 
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individuals that bore yellow or orange marks (and were therefore more extreme in 
tadpole trophic morphology). We used a !2 test to evaluate if a lower proportion of 
tadpoles with intermediate trophic morphology were recaptured than were originally 
marked. In addition, we noted the Gosner developmental stage (Gosner 1960) of each 
recaptured, marked tadpole. We then used !2 tests to evaluate if marked intermediates 
differed from either marked omnivores or marked carnivores in developmental stage.  
We next asked if tadpoles intermediate in trophic morphology also achieved smaller 
body size than individuals with more extreme trophic morphology. We randomly selected 
301 unmarked tadpoles from the 1500 collected on the eighth day of the mark-recapture 
study and measured each tadpole’s body size and trophic morphology. For body size, we 
measured each tadpole’s snout-vent-length (SVL) using hand-held digital calipers. For 
trophic morphology, we followed the methods in Pfennig and colleagues (2007). Briefly, 
we began by measuring on each tadpole the width of the orbitohyoideus (OH) muscle and 
number of labial teeth rows (LT). We also characterized the shape of each tadpole’s 
keratinized mouthparts (MP). We standardized OH for body size (SVL) by regressing ln 
(i.e., natural log) OH on ln SVL and used the resulting residuals for the subsequent 
analyses (these residuals were distributed normally). We then combined the MP, LT and 
residuals of ln OH regressed on ln SVL into a single multivariate shape variable (the 
“morphological index”; see Pfennig et al. 2007) by calculating a principal component 
score. We used PC1, which explained 64% of the variance. 
We tested for selection on trophic morphology by regressing body size (ln SVL, a 
proxy for fitness; see above) on the morphological index (see Pfennig et al. 2007). We 
subjected these data to separate linear and polynomial regressions. Quadratic regression 
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of fitness on morphology indicates disruptive performance when double the quadratic 
term (the selection gradient, 2!) is significantly positive (Lande and Arnold 1983; 
Stinchcombe et al. 2008). We determined which regression model provided the best fit by 
comparing the Akaike’s information criterion (AIC) for each model (Burnham and 
Anderson 2002).  
We also performed cubic spline analyses (i.e., “nonparametric” regression) using 
glmsWIN 1.0 (provided by D. Schluter at http://www.zoology.ubc.ca/~schluter/spli-
nes.html). Cubic spline analysis is less sensitive to outliers and allows estimation of a 
fitness function without an a priori assumption about the function’s shape (Schluter 
1988). We used 1000 bootstrap replicates to estimate 95% confidence intervals around 
the curve and then visually inspected the output to determine if there was a minimum 
within the range of the data (Bolnick 2004). 
 
Testing Prediction 2: Evaluating the Role of Ecological Specialization 
We next asked if extreme omnivores and carnivores outperform intermediate 
individuals on the two main resources (detritus and shrimp, respectively). We specifically 
predicted that omnivores should grow more than intermediate individuals when both are 
forced to feed on detritus, and carnivores should consume fairy shrimp faster than 
intermediate individuals when both are forced to feed on fairy shrimp. 
We first assessed the relationship between trophic morphology and performance 
when tadpoles were forced to feed solely on detritus. To do so, we collected soil from the 
surface of a dry pond near Portal (this soil would form the detritus on which the 
experimental tadpoles would feed). We then spread the soil evenly across the bottom of 
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nine wading pools (1.52 m diameter X 0.25 m tall) to a depth of approximately 1 cm (13 
L of soil per pool). The ponds were then filled to a depth of 25 cm with dechlorinated 
well water. Once the soil had settled to the bottom of the pools, we placed 13 wire-mesh 
cages (20 cm diameter X 40 cm tall) into each pool (117 cages in total). The cages were 
arranged such that the bottom of each was placed firmly into the soil and the top 
protruded roughly 5 cm above the level of the water. Individual tadpoles were placed 
inside each cage 10 days after the pools were filled.  
The study subjects for this experiment were S. multiplicata tadpoles that were 
collected from a single pond near Portal, 11 days after the pond filled with water. After 
collection and before being used in the experiment, the tadpoles were kept in a wading 
pool (1.83 m diameter X 0.3 m tall) filled with dechlorinated well water, and fed ground 
fish food ad libitum. Two days after the tadpoles were collected, we selected 117 
tadpoles. We specifically chose tadpoles so that the entire range of trophic morphologies 
(i.e., omnivores, intermediates, and carnivores) was represented. We measured each 
tadpole’s SVL using hand-held digital calipers and then placed each tadpole into a wire 
mesh cage (one tadpole per cage; the entire range of trophic morphologies were present 
in each wading pool). On the fourth day after the experiment began, we moved each cage 
within each pool to a fresh area of substrate that had not previously been foraged upon. 
We ended the experiment on the eighth day when we killed the tadpoles by immersion in 
a 0.1% aqueous solution of MS 222.  
We then used the methods outlined above (see Testing Prediction 1) to measure each 
tadpole’s SVL, OH, MP, and LT. In addition, we used the methods in Pfennig and 
Murphy (2002) to also measure on each tadpole the width of its interhyoideus (IH) 
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muscle and its total gut length (GL). We standardized OH, IH, and GL for body size 
(SVL) by regressing the ln of each character onto ln SVL; we used the resulting residuals 
from these regressions for subsequent analyses. All regressions were significant and 
produced normally distributed residuals. As before (see Testing Prediction 1), we 
combined these trophic characters into a single morphological index by calculating PC1 
from a principal component analysis (PC1 explained more than 70% of the variation).  
Our measure of performance was growth. We calculated each tadpole’s growth as the 
change in body size (i.e., SVL) from the beginning to the end of the experiment. We fit a 
linear mixed effect model to evaluate our prediction that individuals with extreme 
omnivore phenotypes grow the most on detritus. The morphological index was treated as 
a fixed effect and growth was the response measure. We included each tadpole’s 
experimental wading pool as a random effect to account for variation between pools. To 
test the possibility that trophic morphology changed dramatically via phenotypic 
plasticity during the course of the experiment, we also asked if a designation of tadpoles 
as either more omnivore-like or more carnivore-like at the start of the experiment 
predicted their subsequent performance using a two-tailed t-test. 
We next assessed the relationship between trophic morphology and performance 
when tadpoles were forced to feed solely on shrimp. We began by collecting 190 S. 
multiplicata tadpoles from five different ponds 8-21 days after the ponds had filled with 
water (mean number of tadpoles sampled per pond = 38 tadpoles, range = 5-60 tadpoles). 
After capture but before being used in the experiment, tadpoles were kept for one day in 
plastic aquaria without food to ensure that they were equally satiated, and hence, 
motivated, to prey on shrimp.  
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We evaluated performance by measuring the amount of time it took each tadpole to 
capture and consume a live, adult fairy shrimp (Thamnocephalus sp.; faster shrimp 
handling times should be associated with higher fitness). We used the mean handling 
time of two trials for each tadpole in our analysis. To conduct shrimp-handling trials, we 
placed a single tadpole in a small, round, opaque plastic container (12 cm diameter X 6 
cm deep) filled with 600 ml of dechlorinated tap water. We let the tadpole acclimate to its 
new surroundings for five minutes. We then placed 10 live fairy shrimp (15-20 mm in 
total length) into the container and recorded the amount of time elapsed from the moment 
the tadpole successfully captured a fairy shrimp until the fairy shrimp disappeared from 
sight inside the tadpole’s mouth. In addition, we recorded the number of failed attacks on 
fairy shrimp for each tadpole until the tadpole successfully captured three shrimp. We 
recorded a failed attack when a tadpole struck at, but missed (or quickly released), a fairy 
shrimp.  
Immediately following these feeding trials, we killed each tadpole by immersion in 
MS 222. We then used the methods outlined above (see Testing Prediction 1) to measure 
each tadpole’s SVL, OH, IH, MP, and LT. As before (see Testing Prediction 1), we 
combined these trophic characters into a single morphological index by calculating PC1 
from a principal component analysis (PC1 explained more than 72% of the variation). To 
assess the relationship between trophic morphology and shrimp handling time, we fit a 
linear mixed effect model. PC1 (the morphological index) was treated as a fixed effect 
and the mean shrimp handling time for each tadpole was the response measure. We 
included the pond of origin and date of each tadpole’s trial as random effects. To assess 
the relationship between trophic morphology and the proportion of failed attacks, we 
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used analysis of deviance. PC1 was treated as a fixed effect and the proportion of failed 
attacks recorded for each tadpole was the response measure. We included the pond of 
origin and date of each tadpole’s trial as random effects.  
 
Testing Prediction 3: Evaluating the Role of Resource Competition 
To evaluate the role of intraspecific resource competition on disruptive selection, we 
addressed two issues. First, we determined whether competition is more intense between 
phenotypically similar competitors than between dissimilar competitors. Second, we 
evaluated whether the strength of disruptive selection increases with the intensity of 
intraspecific competition for resources. 
To assess if competition is more intense between phenotypically similar individuals, 
we generated five sibships by breeding adult S. multiplicata previously collected near 
Portal and maintained at the University of North Carolina at Chapel Hill. Two weeks 
after the tadpoles hatched, we randomly selected tadpoles for use in the experiment. We 
first measured each tadpole’s mass with a digital scale, and assigned each to one of two 
treatment groups: (1) an experimental group, in which two unrelated tadpoles were 
placed together in a tank (192 replicate tanks); (2) a control group, in which one tadpole 
was placed alone in a tank (192 replicate tanks). Similar-sized siblings were placed in 
adjacent experimental and control tanks (see Fig. 2A in Pfennig et al. 2007), thereby 
allowing us to compare the growth of siblings whose rearing environments were similar 
in all respects except for the presence or absence of a stimulus tankmate. Tadpoles placed 
together in experimental tanks were marked with differently colored elastomer marks 
(see Testing Prediction 1); sibling tadpoles placed in the control tanks were marked with 
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the same color as their sibling in the experimental tanks. All tanks (28 X 18 X 10 cm) 
were filled with 6 liters of dechlorinated tap water and kept in the same room maintained 
at 26°C and on a 14 h L: 10 h D light cycle. 
Before starting the experiment, we assessed similarity in resource use for each 
experimental tadpole and its stimulus tankmate by following the methods in Pfennig and 
colleagues (2007). Specifically, we measured how similar experimental tadpoles and their 
stimulus tankmates were in their predilection to eat an equivalent number of fairy shrimp. 
To conduct these assays, we placed each tadpole alone in a small, round, individually 
numbered, opaque plastic container (12 cm diameter X 6 cm deep) filled with 600 ml of 
dechlorinated tap water. Each tadpole acclimated to its new surroundings for 24 h, during 
which time it was given crushed fish food ad libitum to ensure that all tadpoles were 
equally satiated. We then placed into each container three live brine shrimp (Artemia sp., 
10 mm total length). Brine shrimp are similar to the fairy shrimp on which Spea prey in 
natural ponds. An observer then recorded how long each tadpole took to consume all 
three shrimp in its container. We predicted that tankmates that were most similar in time 
to eat shrimp would compete the most for food (see Pfennig et al. 2007). 
We started the experiment when the tadpoles were three weeks old. Once the 
experiment began, each experimental tank received 20 live brine shrimp once a day and 
20 mg of crushed fish food every other day (fish food simulates in form and nutrition the 
detritus on which S. multiplicata feed in natural ponds; see Pfennig et al. 2006). Control 
tanks received half the amount of food as experimental tanks, such that the per capita 
amount of food provided to both treatments was identical. In all experimental tanks, 
shrimp and detritus had disappeared by the time the tadpoles were fed again, ensuring 
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that competition had taken place. The experiment ended after seven days, at which point 
we again measured the mass of each tadpole.  
Our response measure was each tadpole’s growth during the course of the experiment 
(change in mass), controlling for that of its matched control sibling. In particular, we 
subtracted from each experimental tadpole’s change in mass, the change in mass of its 
matched sibling in a neighboring control tank. Thus, values less than zero indicated that 
the focal tadpole reared in competition grew less than did its sibling that was reared 
alone. By contrast, values greater than zero indicated that the focal tadpole reared in 
competition grew more than did its sibling that was reared alone. 
If competition is more intense between phenotypically similar competitors, then the 
growth (adjusted change in mass) of experimental tadpoles should be lower the more 
closely they resemble their tankmate in resource use (i.e., shrimp eating times). To test 
this prediction, we plotted the adjusted change in mass for all experimental tadpoles as a 
function of similarity to their tankmate in time to eat three shrimp. We performed 
regression analyses to determine if the best-fit regression model (with the lowest AIC 
value) was a quadratic regression where competitors who were most similar in shrimp-
eating times grew the least (see Fig. 2B in Pfennig et al. 2007). 
We then performed a separate experiment to assess the effect of competition on the 
strength of disruptive selection. We manipulated the intensity of competition by varying 
the density of S. multiplicata tadpoles in experimental ponds. The experimental design 
consisted of 12 wading pools (1.5 m diameter X 0.25 m high) set up in an open field at 
SWRS. We assigned each pool to one of two treatments: (1) a low conspecific density 
treatment group (the “low competition” treatment); or (2) a high conspecific density 
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treatment group (the “high competition” treatment). There were six replicate pools per 
treatment; different treatments were alternated spatially within the array of experimental 
pools.  
Before starting the experiment, we provided each pool with detritus by collecting soil 
from four dry ponds in which S. multiplicata typically breed. Soil from all four ponds 
was mixed thoroughly, and 13 L of the mixed soil was spread evenly across the bottom of 
each wading pool to a depth of approximately 1 cm. The pools were then filled to a depth 
of 25 cm with dechlorinated well water.  
To generate tadpoles for this experiment, we collected 20 amplexed pairs of adult S. 
multiplicata from a breeding chorus near Rodeo, NM (about 18 km from SWRS), and let 
them oviposit in separate plastic aquaria. Two days after the tadpoles hatched, we mixed 
17 of the clutches together into a large wading pool and added handfuls of lettuce for 
food. Later that same day, we randomly chose and distributed these tadpoles into the 
separate experimental wading pools. We added 1080 tadpoles to each high-competition 
pool, and 180 tadpoles to each low-competition pool. The experimental densities lie 
within the range of densities found in natural ponds (Pfennig 1990).  
We fed an equal amount of live, wild-caught fairy shrimp to each pool each morning, 
starting the day the tadpoles were added. To do so we collected fairy shrimp each day 
with dip nets from two adjacent ponds near Rodeo. We then added fairy shrimp to a 
bucket filled with 13 liters of water and, mixing the bucket between wading pools, added 
500 ml of shrimp-saturated water to each pool. The amount of shrimp given to each pond 
was within the range of shrimp densities found in natural ponds. Moreover, the amount of 
shrimp was limiting; by afternoon, most pools had no shrimp.  
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We ended the experiment after twelve days. We captured every surviving tadpole 
from each pool. We killed the tadpoles by immersion in a 0.1% aqueous solution of MS 
222 and preserved them in 95% ethanol. We used every tadpole we collected from the 
low-competition pools in the analysis. However, we randomly selected 500 tadpoles from 
each high-competition pool for the analysis. Using the methods described above (see 
Testing Prediction (1)), we measured each tadpole’s body size (SVL) and trophic 
morphology and recorded its Gosner developmental stage. We also measured each 
tadpole’s mass (mg) with a digital scale. For each wading pool, we combined the trophic 
characters into a morphological index as described above. We predicted that tadpoles 
from the high-competition pools would experience lower survival and smaller body size 
(ln SVL) than tadpoles from the low-competition pools if our density manipulations 
affected the intensity of competition for resources. To evaluate this prediction we used 
separate two-tailed t-tests. 
We then tested for selection on trophic morphology in each pool using three fitness 
proxies: body size (ln SVL), mass (ln mass), and Gosner developmental stage. We 
separately regressed each of these three fitness proxies onto the morphological index. We 
performed linear and quadratic regressions on the tadpoles from each pond separately. 
We determined which regression model provided the best fit to each dataset by 
comparing the Akaike’s information criterion (AIC) for each model (Burnham and 
Anderson 2002). As described previously (see Testing Prediction (1)), we performed 
cubic spline analyses to verify the presence of a fitness minimum (Schluter 1988; Bolnick 
2004; Pfennig et al. 2007). 
Because we found evidence of disruptive selection occurring in every wading pool 
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(Appendix A), we asked if disruptive selection was stronger in high-competition pools 
than in low-competition pools. To do so, we determined whether the mean disruptive 
selection gradient, 2! (Lande and Arnold 1983; Stinchcombe et al. 2008), calculated from 
the regressions on mass, body size and developmental stage, was larger in high-
competition pools than in low-competition pools, using separate two-tailed t-tests.  
In addition, we evaluated if the variance and range of trophic morphology differed 
between high-competition and low-competition pools. We did so because variation in 
feeding morphology could lead to variation in resource use and thereby impact the 
strength of competition (Bolnick et al. 2003). Feeding morphology is plastic in spadefoot 
toad tadpoles (Pfennig 1990), and resource competition has been shown to affect feeding 
morphology in other anuran tadpoles (Relyea 2004). To determine if the variance and 
range of trophic morphology differed between high competition and low-competition 
pools, we first treated individuals from all ponds as a single group and compiled a 
morphological index as described before (see Testing Prediction (1)) so that all pools 
could be compared on a common morphological index. We then calculated the variance 
and range of trophic morphology for each pool and used separate two-tailed t-tests to 
determine if either the variance or the range of trophic morphology differed between 
high-competition and low-competition pools. 
 
RESULTS 
Testing Prediction 1: Testing for Disruptive Selection 
In our mark-recapture experiment, we recaptured 10% (57 of 554) of the marked 
tadpoles released. Furthermore, none of these tadpoles had changed to a different trophic 
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phenotype during the course of the experiment, so any disparity between the proportion 
of each morph recaptured and the proportion marked can be ascribed to differences in 
survival, and not to differences in phenotypic plasticity. As predicted, tadpoles 
intermediate in trophic morphology had a lower probability of survival compared to 
individuals more extreme in trophic morphology (!22 = 6.5, N = 57, P = 0.038, Fig. 
2.3A). Moreover, recaptured marked intermediate individuals were less developmentally 
advanced than were marked carnivores (!22 = 16.611, N = 26, P = 0.018) and no more 
advanced than were marked omnivores (!22 = 5.122, N = 39, P = 0.1631). Finally, not 
only were intermediates less likely to survive, but they were also smaller in body size 
than were omnivores or carnivores (Table 2.1; Fig. 2.3B). 
 
Testing Prediction 2: Evaluating the Role of Ecological Specialization 
As predicted (e.g., see Fig. 2.2), individuals with the most extreme omnivore 
morphology were the most efficient foragers on detritus. Specifically, the more 
omnivore-like an individual (i.e., the lower was its morphological index value), the 
greater was its growth when forced to feed on detritus (F1,98.74 = 162.297, P < 0.0001, 
Fig. 2.4A). In addition, our original assessment of trophic morphology accurately 
predicted performance during the experiment. Tadpoles scored as being more omnivore-
like grew more during the experiment (6.93 ± 0.19 mm) than did tadpoles scored as being 
more carnivore-like (3.69 ± 0.21 mm, mean difference in change in SVL between 
omnivores and carnivores = 3.24 mm, t98 = 11.322, P < 0.0001). 
Also as predicted, individuals with the most extreme carnivore morphology were the 
most efficient foragers on shrimp. Specifically, the more carnivore-like an individual 
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(i.e., the higher was its morphological index value), the better (shorter) was its shrimp 
handling time (F1, 54.16 = 79.188, P < 0.0001, Fig. 2.4B). Moreover, more carnivore-like 
individuals had a lower proportion of failed attacks on fairy shrimp (!21= 12.376, N = 
148, P < 0.0001). 
 
Testing Prediction 3: Evaluating the Role of Resource Competition 
As predicted, competition was more intense between phenotypically similar 
individuals. The best-fit regression model was a quadratic regression with a positive 
quadratic regression coefficient (Table 2.2). The focal tadpoles that performed the best in 
the experimental tanks were those that were the most dissimilar to their tankmate in 
foraging behavior. In contrast, the experimental tadpoles most similar to their tankmate 
performed the worst (Fig. 2.5).  
Also as predicted, both mean body size [ln SVL (high-competition: 2.23 ± 0.02 mm, 
low-competition: 2.83 ± 0.02 mm, t10 = 21, P < 0.0001)] and mean survival [pr surviving 
(high-competition: 0.69 ± 0.04, low-competition: 0.9 ± 0.04, t10 = 3.66, P = 0.0044), see 
also Table 2.3] decreased with increased conspecific density, which serve as measures of 
the intensity of competition. Furthermore, the intensity of disruptive selection increased 
with conspecific density (Appendix A). Specifically, for all three fitness proxies, the 
mean disruptive selection gradient (2!) was significantly larger in high-competition pools 
than in low-competition pools: ln SVL (high-competition: 0.067 ± 0.005, low-
competition: 0.043 ± 0.005, t10 =-3.254, P = 0.007), ln mass (high-competition: 0.202 ± 
0.016, low-competition: 0.119 ± 0.016, t10 =-3.675, P = 0.0026), and Gosner 
developmental stage (high-competition: 0.568 ± 0.053, low-competition: 0.243 ± 0.053, 
!!
"#!
t10 = -4.348, P = 0.0014). Finally, the mean variance and mean range of trophic 
phenotypes (as measured by the extremes of the morphological index represented in each 
pool) was smaller in high-competition pools than in low-competition pools (variance in 
high-competition pools: 0.98 ± 0.14, variance in low-competition pools: 2.79 ± 0.14, t10 = 
8.903, P < 0.0001, range in high-competition pools: 6.99 ± 0.25, range in low-
competition pools: 8.01 ± 0.25, t10 = 2.929, P = 0.015 [see also Appendix A]). 
 
DISCUSSION 
Despite its potentially critical role in maintaining variation and possibly initiating 
speciation, few studies have specifically tested for disruptive selection in natural 
populations (but see Smith 1993; Medel et al. 2003; Bolnick 2004; Pfennig et al. 2007; 
Bolnick and Lau 2008; Calsbeek and Smith 2008; Hendry et al. 2009). Even fewer 
studies have identified the agent(s) of such selection (but see Smith 1993; Medel et al. 
2003; Bolnick 2004; Calsbeek 2009). We therefore sought to test for disruptive selection 
in a natural population of spadefoot toad tadpoles and to identify its likely causes. 
Two lines of evidence indicate that selection favors extreme trophic ecomorphs in a 
natural population of S. multiplicata. First, a mark-recapture experiment revealed that 
intermediate individuals were less likely to survive to metamorphosis than were either 
omnivores or carnivores (Fig. 2.3A). Second, intermediates were smaller in body size 
(Table 2.1; Fig. 2.3B). These results therefore confirm the findings of a previous study, 
which reported a general pattern of disruptive selection acting on trophic morphology in 
S. multiplicata (Pfennig et al. 2007).  
Our results also allow us to reject two alternative hypotheses. First, because our 
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separate measures of fitness in the mark-recapture experiment produced a remarkably 
similar pattern (compare Fig. 2.3A and 2.3B), we can reject the alternative hypothesis 
that the differences in body size reflect intrinsic differences in growth rate, rather than 
selection against intermediates (e.g., see Pfennig et al. 2007). In particular, given that an 
individual’s size influences its likelihood of developing into an omnivore or carnivore 
(Frankino and Pfennig 2001), the fact that extreme forms are larger could be interpreted 
as evidence of underlying variation for growth rate (i.e., size may determine morphotype, 
rather than the reverse). However, our discovery that intermediate individuals were also 
less likely to survive (Fig. 2.3A) mitigates against this alternative hypothesis. Second, we 
can also reject the alternative hypothesis that intermediate tadpoles compensate for 
smaller size by developing faster (growth and developmental rate are often inversely 
correlated in larval anurans). At the end of the mark-recapture experiment, marked 
intermediate individuals were less developmentally advanced than were marked 
carnivores and no more advanced than were marked omnivores (see Results; it is unlikely 
that any developmentally advanced intermediates escaped our detection, because we 
sampled the pond multiple times a day throughout the course of the experiment). In 
addition, our wading pool experiment revealed that disruptive selection also acts on 
developmental stage (see Results), with intermediate individuals being the least 
developmentally advanced. Thus, taken together, these data support the hypothesis that 
disruptive selection acts on trophic phenotypes in S. multiplicata.   
Given evidence of disruptive selection, we next asked what agents drive this 
selection. First, we found that ecological specialization was, in part, responsible. 
Specifically, compared to individuals with extreme trophic phenotypes, intermediate 
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individuals performed relatively poorly on both detritus and fairy shrimp (Fig. 2.4). As 
we had predicted (Fig. 2.2), tadpoles with the most extreme omnivore morphology grew 
best on detritus, whereas tadpoles with the most extreme carnivore morphology ate fairy 
shrimp the fastest. Therefore, individuals expressing intermediate trophic phenotypes 
experience low fitness in natural ponds (Fig 2.3), in part because such individuals are less 
efficient at utilizing detritus and fairy shrimp (Fig. 2.4), the main alternative resource 
types found in natural ponds (Pfennig et al. 2006). Generally, disruptive selection may 
often arise whenever individuals with extreme phenotypes are best adapted for the 
available niches in a particular habitat (for other possible examples of such ecological 
specialization, see Smith 1993; Robinson et al. 1996; Calsbeek 2009; Hendry et al. 2009). 
As we noted in the Introduction, however, theory predicts that ecological 
specialization cannot drive persistent disruptive selection. As predicted by theory (Fig. 
2.1), intraspecific competition for resources also promotes disruptive selection in S. 
multiplicata. In particular, two lines of evidence implicate intraspecific competition as an 
agent of disruptive selection in our system. First, a critical assumption behind the theory 
of competitively mediated disruptive selection (see Introduction) is that competition 
should be most intense between phenotypically similar individuals (Rosenzweig 1978; 
Wilson and Turelli 1986; Doebeli 1996). Our results revealed that focal tadpoles that 
were the most similar to competitors grew the least (Table 2.2; Fig. 2.5). Thus, given that 
intermediate phenotypes are often the most prevalent phenotype among young tadpoles 
(D. Pfennig, unpubl. data), intermediates should experience the greatest competition for 
resources. Our data therefore corroborate longstanding theory suggesting that the 
intensity of competition between individuals is greater the more similar they are in 
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resource use and in phenotypes associated with resource use (Roughgarden 1976; Slatkin 
1980; Abrams 1986). 
A second line of evidence indicating that resource competition drives disruptive 
selection comes from our experimental manipulation of tadpole density, which 
demonstrated that the strength of disruptive selection increases with the intensity of 
competition. Specifically, the disruptive selection gradients were positive and 
significantly larger in the high-competition pools than in the low-competition pools (see 
Results). Thus, these data provide a causal link between competition and disruptive 
selection (for a similar finding in sticklebacks, see Bolnick 2004). 
Our results therefore suggest that competition mediates disruptive selection in S. 
multiplicata. Additional support for the role of competition in generating disruptive 
selection in this system comes from an earlier study, which demonstrated that the two 
extreme ecomorphs are subject to negative frequency-dependent selection (Pfennig 
1992). In particular, as carnivores become increasingly common in any given pond, 
intraspecific competition for shrimp reduces the fitness of carnivores and increases the 
fitness of omnivores (Pfennig 1992). Such frequency dependence is expected whenever 
individuals compete more with their own kind than with the alternative morph, as we 
found in the present study (Table 2.2; Fig. 2.5). Negative frequency dependence is a 
hallmark of competitively mediated disruptive selection (Day and Young 2004; Rueffler 
et al. 2006). 
Although we explicitly considered only ecological specialization and competition as 
agents of disruptive selection in our system, predation (specifically, cannibalism) may 
have also been a contributing factor. Predation’s role was suggested by the results of our 
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wading pool experiment. In particular, although extreme carnivores were present by the 
end of the experiment in both low- and high-competition wading pools, extreme 
omnivores were present in low-competition pools only (see Results and Appendix A). 
This result was surprising, because disruptive selection was stronger in high-competition 
pools and, therefore, one would expect more extreme morphs in these pools (because 
extreme morphs were more highly favored under high competition). However, the 
absence of extreme omnivores in high-competition pools likely reflects greater predation 
on omnivores in these pools. Survival was lower in high-competition pools (see Results), 
and we observed frequent acts of cannibalism in these pools. Spea carnivores are highly 
cannibalistic (Bragg 1965), and they often target omnivores (D. Pfennig, pers. obs.), 
presumably because they are relatively slow swimmers. More importantly, because of 
this differential predation on omnivores, a reduced range of phenotypes was present in 
high-competition pools, which would have further intensified competition and disruptive 
selection in these pools. In general, predation and competition might often interact to 
promote disruptive selection. 
Interestingly, the two extreme ecomorphs do not appear to be equally favored by 
disruptive selection. Carnivores were larger and had higher survival than either 
intermediates or omnivores (Fig. 2.3). Thus, although intermediates reside at a fitness 
minimum (indicating disruptive selection), there also appears to be significant directional 
selection favoring carnivores. This raises the question of how the resource polymorphism 
is maintained. After all, if carnivores generally have higher fitness, selection should favor 
the evolution of all carnivores. Two factors appear to maintain both morphs within the 
same population. The first is that negative frequency dependent competition should cause 
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the higher fitness of carnivores to vanish (or even be reversed) if they occurred at higher 
frequencies than were present in our study pond (see Pfennig 1992). Second, fitness 
tradeoffs are associated with each trophic phenotype. Compared to carnivores, omnivores 
invest into larger abdominal fat bodies, which increases postmetamorphic resistance to 
starvation (Pfennig 1992). Thus, although carnivores may often have higher survival 
before metamorphosis, omnivores may generally have higher survival immediately after 
metamorphosis (Pfennig 1992). Such fitness tradeoffs likely contribute to the 
evolutionary maintenance of many resource polymorphisms. 
Given that disruptive selection appears to be common in S. multiplicata (Pfennig et 
al. 2007), and given that heritable variation in propensity to produce different trophic 
phenotypes exists within natural populations (Pfennig 1999), why has the tendency to 
produce intermediate individuals not been eliminated? Intermediate phenotypes may be 
recreated each generation if adults do not mate assortatively based on larval trophic 
phenotype. Theoretically, such assortative mating should be possible. Carnivores and 
omnivores likely mature at different sizes as adults (Pfennig and Pfennig 2005), and 
females could potentially assess a male’s size (and, hence, his probable larval phenotype) 
by his call. Why has the intermediate phenotype not been eliminated through such 
assortative mating in our populations? 
One answer is that selection appears to favor intermediate individuals in some ponds. 
Specifically, in ponds in which S. multiplicata co-occurs with a congener, S. bombifrons, 
stabilizing selection favors S. multiplicata individuals with intermediate phenotypes 
(Pfennig et al. 2007). Such mixed-species ponds may be within a few kilometers of pure 
S. multiplicata ponds in the San Simon Valley of southeastern AZ, where our study was 
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conducted (e.g., see Pfennig et al. 2006). Thus, S. bombifrons migrants may occasionally 
colonize nearby pure S. multiplicata ponds, thereby changing the selective regime within 
the pond to one in which intermediate phenotypes are favored. Alternatively, S. 
multiplicata may disperse into pure-species ponds from nearby mixed-species ponds, 
thereby carrying into these pure-species ponds their inherent tendencies to produce 
intermediate phenotypes. Either reason may explain the lack of assortative mating on 
larval trophic phenotype and the persistence of intermediate phenotypes in our 
populations. Generally, intermediate phenotypes may be difficult to eradicate via 
disruptive selection whenever the mode and direction of selection is spatially or 
temporally variable. 
Although we have focused on spadefoot toads, our results have implications beyond 
this one system. One implication has to do with the debate over how common disruptive 
selection is in nature. As noted in the Introduction, evolutionary biologists have regarded 
disruptive selection as rare because it was thought to be evolutionarily unstable (Endler 
1986). However, this view presupposes a static fitness landscape (Bolnick 2004). If, 
instead, intraspecific competition acts to promote frequency dependence, then the fitness 
landscape will be dynamic and thereby allow for persistent disruptive selection 
(Rosenzweig 1978). Our study demonstrates that frequency-dependent competition for 
resources may indeed promote disruptive selection (Fig. 2.5; see also Pfennig 1992). 
Given that intraspecific competition for resources is common and frequently strong in 
nature (Gurevitch et al. 1992), disruptive selection may be more stable, and hence more 
widespread, than generally assumed (e.g., see Kingsolver et al. 2001).  
An additional implication of our study concerns disruptive selection’s efficacy in 
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promoting intraspecific divergence and speciation. Generally, disruptive selection may be 
more effective at promoting such divergence when intraspecific competition and 
ecological specialization both play a major role, for at least three reasons. First, 
frequency-dependent competition may itself be more intense when the resource base is 
bimodal (Doebeli 1996), as is often the case when there is strong selection for ecological 
specialization (Schluter 2000). Second, when disruptive selection is driven by ecological 
specialization, intermediate phenotypes will be selected against even when their 
frequency in the population is low and competition for resources is weak. In contrast, 
when disruptive selection is driven primarily by frequency-dependent competition, 
intermediate phenotypes will be favored when they are rare. Third, assortative mating, 
which is necessary for the completion of speciation, is more likely to evolve when 
incipient species occupy discrete niches (Ripa 2009). Our finding that both ecological 
specialization and intraspecific competition play a major role in promoting disruptive 
selection in S. multiplicata demonstrates that both agents can act in concert as predicted 
by theory (see Introduction). By demonstrating that these selective agents act together, 
our study increases the plausibility of longstanding theory (Maynard Smith 1966; 
Rosenzweig 1978; Dieckmann and Doebeli 1999; Ripa 2008), which holds that disruptive 
selection can play a general and important role in promoting the evolution of alternative 
phenotypes within populations and in facilitating the process of speciation. 
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Table 2.1: Tests for the mode of selection operating on trophic morphology among 301 
S. multiplicata tadpoles from a natural population. 
Fitness 
measure 
Regression 
term 
Selection 
gradient 
(!/2") 
SE/2SE t P AIC 
ln  svl PC1 0.059 0.009 6.34 <0.0001 -991 
ln  svl PC1
2
 0.114 0.012 9.61 <0.0001 -1088* 
 
Note: PC1 is a composite shape variable that measures trophic morphology. The fitness 
measure and regression terms are given along with the estimated selection gradient for 
each term, its standard error (SE), t-statistic, probability of rejecting the null hypothesis 
that the estimated coefficient is zero, and the Akaike information criterion (AIC). For 
quadratic regressions positive selection gradients signify disruptive selection, and the 
regression coefficient (") is doubled to calculate the selection gradient (2") and the 
associated standard error (SE) is also doubled. The asterisk signifies the model with the 
best fit (i.e., the model with the lowest AIC value). 
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Table 2.2: Tests for the effect of phenotypic similarity on the strength of competition. 
Performance 
measure 
Regression 
term 
Regression 
coefficient 
(!/") 
SE t P AIC 
# mass Time diff -2.87X10-4 1.89X10-4 -1.52 0.132 -248 
# mass Time diff2 2.08X10-6 1.02X10-6 2.04 0.044 -250* 
 
Note: “Time diff” refers to the difference between tankmates in time to eat three shrimp 
(a measure of how similar potential competitors are in resource use). The performance 
measure and regression terms are given, along with the estimated coefficient for each 
term, its standard error (SE), t-statistic, probability of rejecting the null hypothesis that 
the estimated coefficient is zero, and the Akaike information criterion (AIC). For the 
quadratic regression, the positive coefficient signifies that individuals most similar to 
their competitor in resource use performed the worst. The asterisk signifies the model 
with the best fit (i.e., the model with the lowest AIC value.  
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FIGURE LEGENDS 
 
 
Figure 2.1: How intraspecific competition for resources promotes disruptive selection 
and maintains phenotypic variation within populations. In the graphs below, the shaded 
area represents a hypothetical population’s distribution of resource-use phenotypes 
(shown as a quantitative trait), the dashed line shows the fitness associated with different 
phenotypes, and the heavy gray line represents the distribution of resource types. (A) 
Initially, in a population that exploits a range of resource types that are normally 
distributed (e.g., a range of seed sizes), selection will favor those individuals that utilize 
the most common resource type (e.g., seeds of intermediate size). (B) As more 
individuals exploit this resource type, however, it becomes depleted. Individuals that 
utilize the intermediate resource type will therefore experience more severe competition 
than those that utilize more extreme, but underexploited, resource types (e.g., very small 
or very large seeds). Eventually, individuals that utilize the intermediate resource type 
will have lower fitness than those that utilize extreme resource types, causing disruptive 
selection. (C) Such selection may promote the evolution of alternative phenotypes within 
the same population that specialize on different resource types; i.e., resource 
polymorphism. 
 
Figure 2.2: How ecological specialization might promote disruptive selection among 
spadefoot toad tadpoles (genus Spea). (A) Spea tadpoles often occur as two distinct 
ecomorphs: an omnivore (upper tadpole) and a carnivore. In addition, many ponds also 
contain individuals that are intermediate between these two extreme forms. We 
hypothesized that intermediate individuals will generally be selected against, in part 
because they should feed less effectively than extreme forms on the main alternative 
resource types: fairy shrimp and detritus.  Specifically, (B) carnivores have notched beaks 
and large jaw muscles, which should enable them to prey on fairy shrimp more 
effectively. (C) Omnivores, by contrast, have longer intestines than either (D) 
intermediates or (E) carnivores, which should enable them to process detritus more 
effectively. To see this image in color, go to the online version of American Naturalist. 
 
Figure 2.3: Evidence that disruptive selection disfavors individuals with intermediate 
trophic phenotypes in a natural pond. (A) Probability of survival for omnivores, 
carnivores and intermediate individuals based on a mark-recapture experiment. 
Intermediates had a lower probability of survival than either carnivores or omnivores. In 
particular, a lower proportion of intermediates were recapture than expected, while the 
proportion of omnivores recaptured was statistically equal to the proportion marked and a 
higher proportion of carnivores were recaptured than expected (numbers above each bar 
show sample sizes). The photo shows a marked metamorph (mark indicated by arrow; 
this individual was marked as a carnivore tadpole). (B) Cubic spline estimate of body size 
(a fitness proxy) on a composite shape variable of trophic morphology (Morphological 
index). Cubic splines (solid lines) are bracketed by 95% confidence intervals (dashed 
lines) estimated from 1000 bootstrap replicates. The presence of an intermediate fitness 
minimum suggests that disruptive selection acts on trophic morphology. To see this 
image in color, go to the online version of American Naturalist. 
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Figure 2.4: Experimental evidence suggesting that ecological specialization can promote 
disruptive selection. (A) Trophic morphology (Morphological index) predicts 
performance on detritus (change in SVL, ln). In particular, there is a significant, positive 
relationship between the degree of omnivore morphology and growth on detritus. (B) 
Trophic morphology (Morphological index) predicts performance on shrimp (change in 
SVL, ln). In particular, there is a significant, positive relationship between the degree of 
carnivore morphology and performance on fairy shrimp. Performance is shown as the 
inverse of mean shrimp handling time. Larger performance values indicate shorter mean 
shrimp handling times.  
 
Figure 2.5: Experimental evidence that competition is stronger between phenotypically 
similar competitors than between phenotypically dissimilar competitors. Shown is the 
quadratic regression estimate of performance (focal tadpole’s change in mass – control 
tadpole’s change in mass, g) as a function of a focal animal’s similarity to its tankmate in 
its propensity to consume three shrimp, measured before the start of the experiment. The 
quadratic regression term is significant and is the best-fit model. 
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This Chapter is modified from Martin, R.A. and D.W. Pfennig 2010. Field and 
experimental evidence that competition and ecological opportunity promote resource 
polymorphism. Biological Journal of the Linnean Society of London 100: 73-88. 
CHAPTER III 
FIELD AND EXPERIMENTAL EVIDENCE THAT COMPETITION AND 
ECOLOGICAL OPPORTUNITY PROMOTE RESOURCE POLYMORPHISM
1 
SUMMARY 
Resource polymorphism – the occurrence within a single population of discrete 
intraspecific morphs showing differential resource use – has long been viewed as an 
important setting for evolutionary innovation and diversification. Yet, relatively few 
studies have evaluated the ecological factors that favor resource polymorphism. Here, we 
combine observations of natural populations with a controlled experiment to assess the 
role of intraspecific competition (specifically, the density of conspecifics) and ecological 
opportunity (specifically, the range of resources available) on the expression of resource 
polymorphism in spadefoot toad tadpoles. We found that greater conspecific densities 
and a greater range of available resources together promoted the expression of resource 
polymorphism. We conclude that, ecological opportunity, in the form of diverse available 
resources, along with intraspecific competition, may be a prerequisite for resource 
polymorphism to evolve, because such polymorphisms require diverse resources onto 
which each morph can specialize as an adaptive response to minimize competition. 
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INTRODUCTION 
Resource polymorphism – the occurrence within a single population of discrete 
intraspecific morphs showing differential resource use – rivals speciation as an important 
source of evolutionary innovation and diversification. Such polymorphisms occur in 
diverse taxa, and they embody some of the most dramatic examples of diversity within 
species (Smith and Skúlason 1996; West-Eberhard 2003). Moreover, resource 
polymorphisms may represent a critical, early stage in the speciation process (Pfennig 
and McGee 2010). 
Despite their potential significance, relatively little is known about the conditions that 
favor the evolution of resource polymorphisms. Generally, such polymorphism is thought 
to reflect an adaptive response to intraspecific competition for resources (reviewed in 
Smith and Skúlason 1996). In a population that exploits a continuously varying resource 
gradient, intraspecific competition should cause disruptive selection to favor resource 
polymorphism, because individuals with extreme resource-use traits specialize on less 
common, but underutilized, resources (see recent reviews in Bolnick 2004; Martin and 
Pfennig 2009). This process is driven by negative frequency-dependent selection, in 
which rare resource-use phenotypes have a fitness advantage. In essence, resource 
polymorphism may be the intraspecific analog of ecological character displacement; i.e., 
it may arise through a process of “intraspecific character displacement” (sensu West-
Eberhard 2003). 
Resource polymorphism likely requires more than intraspecific resource competition 
to evolve, however. Although nearly all taxa experience such competition, resource 
polymorphism is not present in most taxa. As with interspecific character displacement, 
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the evolution of resource polymorphism likely also necessitates ecological opportunity; 
specifically, the presence of underutilized resources (Pfennig et al. 2006). Because 
resource polymorphism entails the evolution of a novel resource-use phenotype, 
underutilized resources must be present for this new phenotype to exploit. In their 
absence, niche width expansion (and thus, the evolution of resource polymorphism) is not 
feasible. Such niche width expansion becomes more feasible, however, when 
underutilized resources are present (Robinson and Wilson 1994). 
The importance of intraspecific competition and ecological opportunity in the 
evolution of resource polymorphism has proved to be difficult to demonstrate 
empirically. Some support for the role of competition comes from recent studies showing 
that intraspecific competition favors extreme trophic phenotypes in natural populations of 
three-spined stickleback fish (Gasterosteus aculeatus, L.) (Bolnick 2004), Mexican 
spadefoot toad tadpoles (Spea multiplicata, Cope) (Martin and Pfennig 2009), and 
Eurasian perch (Perca flaviatilis, L.) (Svanbäck and Persson 2009). Moreover, several 
studies have shown that competition generates negative frequency dependence among 
different resource-use phenotypes (Pfennig 1992; Hori 1993; Benkman 1996; Maret and 
Collins 1997), which is a hallmark of competitively mediated disruptive selection (Day 
and Young 2004). Furthermore, as predicted by theory, resource polymorphisms are 
found most often in environments where intraspecific competition is severe, underutilized 
resources are present, and interspecific competition is relaxed (the latter two factors 
combine to increase ecological opportunity) (reviewed in Smith and Skúlason 1996). 
Nevertheless, the evidence linking intraspecific competition and ecological opportunity to 
the evolution of resource polymorphism is incomplete (because ecological opportunity is 
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generally not considered), circumstantial, or even contradictory. For example, Olsson and 
colleagues (2006) found that increased intraspecific competition reduced the expression 
of resource polymorphism in Eurasian perch. 
Another consideration is that resource polymorphism is not the only evolutionary 
response to intraspecific competition (Rueffler et al. 2006). Other possible outcomes 
include sexual dimorphism (Slatkin 1984; Bolnick and Doebeli 2003), behavioral 
plasticity (Svanbäck and Bolnick 2007), and character release (especially when 
functional trade-offs are weak or absent; Taper and Case 1985). As might be expected, 
character release (Van Valen 1965; Robinson and Wilson 1994; Nosil and Reimchen 
2005) and sexual dimorphism (Simberloff et al. 2000; Nosil and Reimchen 2005) are also 
often found in habitats where intraspecific competition is intense, underutilized resources 
are present, and interspecific competition is relaxed.  
Experiments are needed to establish a causal relationship between resource 
polymorphism on the one hand and intraspecific competition and ecological opportunity 
on the other. Such experiments are generally not practical, however, because of the time 
required to observe an evolutionary response. One way around this problem is to use 
species in which alternative resource-use morphs arise through phenotypic plasticity. By 
using these species, one can investigate the conditions that favor the expression of 
resource polymorphism and infer that these same conditions have likely favored the 
evolution of resource polymorphism. 
In this study, we undertook such an approach to evaluate the importance of 
intraspecific competition and ecological opportunity in mediating the expression of 
resource polymorphism in North American spadefoot toads (genus Spea). Four 
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characteristics of Spea make them ideal for such investigations. First, Spea tadpoles 
express a striking resource polymorphism, the extremes of which are represented by an 
“omnivore” ecomorph, which primarily feeds on organic detritus on the pond bottom, and 
a “carnivore” ecomorph, which primarily feeds on anostracan fairy shrimp in the water 
column (Pomeroy 1981). Second, different natural populations differ in their degree of 
expression of this resource polymorphism, as evidence by variation among populations in 
the degree of bimodality and variance in trophic morphology (e.g., see Fig. 3.1). Thus, 
we could take advantage of this variation to ask what factors predict variation in degree 
of expression of resource polymorphism. Third, previous research has revealed that 
disruptive selection, arising from intraspecific competition for resources, favors these 
extreme ecomorphs (Martin and Pfennig 2009). Finally, an individual’s trophic 
phenotype depends largely on its diet, with the most extreme carnivores being induced 
among individuals that eat the most fairy shrimp (Pfennig 1990). As noted above, 
systems in which resource polymorphism arises through such phenotypic plasticity can 
be used to investigate the conditions that favor the expression of resource polymorphism 
under the assumption that these same conditions favored the evolution of the resource 
polymorphism. Such an assumption underlies many investigations into the selective basis 
of traits that arise through phenotypic plasticity (West-Eberhard 2003). Although this 
assumption may not hold in situations where inducing and selective environments 
become decoupled (e.g., because of a recent change in the environment), it appears to be 
valid in the Spea system. Specifically, previous studies suggest that the same conditions 
that induce the alternative morphs also selectively favor these morphs (e.g., see Pfennig 
and Murphy 2002). 
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Using spadefoot toad tadpoles as our model system, we employed observations of 
natural populations and a controlled experiment to evaluate the importance of 
intraspecific competition (specifically, the density of conspecifics) and ecological 
opportunity (specifically, the range of resources available) on the expression of resource 
polymorphism. To quantify the degree of resource polymorphism, we measured tadpole 
populations for their (1) degree of bimodality in trophic phenotype (i.e., more discrete 
trophic phenotypes), and (2) divergence between trophic phenotypes.  
 
MATERIAL AND METHODS 
Surveys of Natural Ponds 
We collected S. multiplicata tadpoles during summers 2006-2009 from 15 natural 
ponds near Portal AZ, where S. multiplicata was the only Spea species present (see 
Appendix B). Tadpoles were sampled from randomly selected sites throughout each pond 
16-20 days past pond filling by using a hand-held dip net. Immediately after collection, 
we killed the tadpoles by immersion in a 0.1% aqueous solution of tricane 
methanesulfonate (MS 222) and preserved them in 95% ethanol. We also used this 
random sampling technique to estimate the density of S. multiplicata tadpoles in each 
pond as ‘‘high,’’ ‘‘moderate,’’ and, ‘‘low’’ (see also Pfennig 1990).  
We determined the range of available resources in each pond by estimating 
abundance of fairy shrimp and detritus, the two main resources present in each pond. We 
estimated fairy shrimp abundance by sweeping a net throughout each pond and 
categorizing shrimp densities as ‘‘high,’’ ‘‘moderate,’’ and, ‘‘low’’ (these subjective 
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estimates are corroborated by previously published, intensive, quantitative sampling; 
Pfennig 1990; Pfennig et al. 2006). We also assessed the availability of detritus by 
estimating the percent vegetative cover in a twenty meter radius around each pond’s 
circumference and categorized each pond as having either ‘‘high’’ (67%-100% cover), 
‘‘moderate’’ (34%-66% cover) or, ‘‘low’’ (0%-33% cover) detritus (ponds with more 
vegetation tend to have more detritus; Pfennig et al., 2006). We then calculated an 
ecological opportunity score using our estimates of fairy shrimp and detritus abundance. 
To calculate an ecological opportunity score, we assigned numerical values to our 
estimates of shrimp and detritus abundance (“high” = 2, “medium” = 1 and “low” = 0) 
and used the formula (shrimp x detritus) / (shrimp + detritus). Therefore, ponds deficient 
in either shrimp or detritus would be lacking in ecological opportunity and would receive 
an ecological opportunity score of zero, ponds with intermediate levels of either resource 
would receive a score between 0 and 1, and ponds with high levels of both shrimp and 
detritus would receive a score of 1.  
We calculated a composite index of each tadpole’s trophic morphology following the 
methods in Pfennig and colleagues (2007). Briefly, we began by measuring each 
tadpole’s snout-vent-length (SVL) using hand-held digital calipers. For each tadpole, we 
additionally measured the width of the orbitohyoideus (OH) muscle and characterized the 
shape of each tadpole’s keratinized mouthparts (MP) on an ordinal scale from one (most 
omnivore-like) to five (most carnivore-like). We standardized OH for body size (SVL) by 
regressing ln (i.e., natural log) OH on ln SVL (all ponds were pooled in a single 
regression) and used the resulting residuals for the subsequent analyses (these residuals 
were distributed normally). We then combined the MP and residuals of ln OH regressed 
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on ln SVL into a single multivariate shape variable (the “morphological index”) by 
calculating a principal component score. We used PC1, which explained 64% of the 
variance. By calculating a common morphological index, we could directly compare 
trophic morphologies among our natural pond collections, where higher values represent 
individuals that are more carnivore-like and lower values more omnivore-like. 
To evaluate the expression of resource polymorphism in each pond, we first asked 
whether trophic morphology was distributed unimodally (i.e., composed of a single 
mode) or bimodally (i.e., composed of two modes). To address this issue, we tested 
whether the distribution of trophic morphology in each pond was better described by a 
single normal distribution or by a mixture of two normal distributions, using two different 
methods. First, using maximum likelhood, we fit a single normal probability density 
function with a mean and variance corresponding to the numerical mean and standard 
deviation to the morphological index of each pond. We then fit a two-component mixture 
model also using maximum likelihood. We seeded each mixture model with starting 
values for each distribution’s mean, proportional size, and standard deviation. The mean 
and proportional size of each distribution was estimated from visual inspection of the 
pond’s morphological index. A common standard deviation, equal to half of the 
calculated numeric standard deviation of the pond’s morphological index, was used. We 
evaluated the hypothesis that the mixture of two normal distributions fit the data better 
than a single normal distribution using Akaike’s Information Criteria, corrected for 
sample size (Burnham and Anderson 2002). First, we calculated !AICc by taking the 
difference between AICc of the fitted single normal distribution minus AICc of the 
mixture of two normal distributions. Following Burnham and Anderson (2002), we 
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interpreted !AICc greater than four as more support for the fit of a mixture model than 
the fit of a single normal distribution, while !AICc between negative four and four as 
equivalent support for the fit of the mixture model and single normal distribution, and 
!AICc less than negative four as more support for the fit of a single distribution. In 
addition, we used a Bayesian framework to fit the single normal distribution and the 
mixture of two normal distributions for each pond, using the methods and software 
describe in Brewer (2003). We did so to corroborate the results of the maximum 
likelihood method. As above, we used !AICc to determine the best-fit model.  
Because there was strong support for bimodality in 13 of 15 ponds, and equivalent 
support for unimodality and bimodality in two ponds (Appendix B), we estimated the 
degree of bimodality and the divergence between trophic phenotypes in each pond, using 
the distributions fit using maximum likelihood. We used these measures as an indication 
of the degree of expression of resource polymorphism in each pond. Our measure of the 
degree of bimodality was one minus the proportion of values falling between the two 
modes of trophic morphology in each pond. Ponds expressing greater bimodality in 
trophic morphology should have more discrete modes characterized by having fewer 
intermediate phenotypes between modes and consequently, a greater bimodality score. To 
determine the proportion of values falling between modes in each pond, we numerically 
solved for the point of intersection between the fitted normal distributions of the mixture 
model for each pond using the formula:  
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where u1,2, !1,2, and P1,2 represent the mean, standard deviation, and proportional size, 
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respectively, of the best-fit mixture model for each pond. When the means and standard 
deviations differ between modes, there will be two points of intersection between the 
modes. We chose the point of intersection lying between, rather than outside the modes. 
We then determined the proportion of values within a small window around the 
intersection between the modes (± 0.25 units of the morphological index, see Fig. 3.1). 
We chose this specific value to restrict our window to the area between modes and to 
exclude the modes themselves. Our results were qualitatively similar when slightly 
smaller or larger windows were used (± 0.2). To measure the divergence between trophic 
phenotypes in each pond we calculated the distance between the modes of the fitted 
mixture model for each pond (see Fig. 3.1).  
We fit a linear model to evaluate if greater intraspecific competition, and ecological 
opportunity, was associated with greater bimodality in trophic phenotype. Our measures 
of intraspecific competition (conspecific density) and ecological opportunity (ecological 
opportunity score) were treated as fixed effects. The degree of bimodality in each pond 
was the response. We also included an interaction between our fixed effects in the model.  
Next, we fit a linear model to evaluate if greater intraspecific competition, and greater 
ecological opportunity, was associated with divergence between trophic phenotypes. Our 
measures of intraspecific competition (conspecific density) and ecological opportunity 
(ecological opportunity score) were treated as fixed effects. The distance between the 
modes of the fitted mixture model for each pond was the response measure. We also 
included an interaction between our fixed effects in the model.  
Mesocosm Experiment 
We designed and carried out an experiment to determine the affects of both 
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intraspecific competition and ecological opportunity on the expression of resource 
polymorphism. We experimentally manipulated the intensity of intraspecific competition 
by altering tadpole density. We experimentally manipulated ecological opportunity by 
altering the availability of one of the two main resource types while keeping that of the 
other resource type constant. An important caveat to consider is that our experimental 
manipulation of ecological opportunity could also affect the intensity of competition, 
because competition should generally be more intense whenever the supply of resources 
is low relative to demand. 
The experimental design consisted of 24 wading pools (1.5 m diameter X 0.25 m 
high) placed in an open field at the Southwestern Research Station (SWRS) near Portal, 
AZ. We assigned each pool to one of two density treatments: (1) a low-conspecific 
density treatment group (the “low-competition” treatment); or (2) a high-conspecific 
density treatment group (the “high-competition” treatment). We also assigned each pool 
to one of two ecological opportunity treatments: (1) a poor-detritus availability treatment 
(the “low-ecological opportunity” treatment) or (2) a rich-detritus availability treatment 
(the “high-ecological opportunity” treatment). We combined these two treatments into a 
full factorial design with six replicate pools per treatment combination. Treatments were 
alternated spatially within the array of experimental pools.  
We chose to manipulate detritus (rather than shrimp) in our ecological opportunity 
treatment for two reasons. First, we were concerned that a high-shrimp treatment would 
induce a high frequency of carnivores, which would result in widespread cannibalism in 
our wading pools (carnivores are highly cannibalistic; Pomeroy 1981). Second, by 
creating rich and poor detritus treatments, our experimental manipulation mimicked 
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natural variation observed among ponds in the Portal area, where some ponds are rich in 
detritus resources, whereas others (such as “playa” lakes that form in evaporite basins) 
lack detritus resources (Pfennig et al. 2006). 
We began by providing each pool with soil collected from dry ponds in which Spea 
typically breed. We collected soil from four ponds that we had previously determined 
were rich in detritus, and from three ponds that we had previously determined were poor 
in detritus, using tadpole growth as a bioassay (see Pfennig et al. 2006). Soil from the 
four detritus-rich ponds was mixed thoroughly together, whereas that from the three 
detritus-poor ponds was mixed thoroughly together. We then spread 13 L of one soil type 
evenly across the bottom of each pool to a depth of approximately 1 cm. Pools were then 
filled to a depth of 25 cm with well water.  
To obtain experimental subjects for this experiment, we collected 20 amplectant pairs 
of adult S. multiplicata from a pond near Rodeo, NM (about 18 km from SWRS). We 
chose this population for our study subjects, because it is one in which S. multiplicata co-
occurs with Spea bombifrons (Cope), and S. multiplicata from such sympatric sites 
produce a reduced frequency of carnivores (as an outcome of ecological character 
displacement with S. bombifrons; Pfennig and Murphy 2002). Therefore, we anticipated 
that S. multiplicata tadpoles derived from this population would produce a relatively low 
frequency of carnivores (i.e., a lower frequency than those produced by tadpoles derived 
from pure S. multiplicata populations; see Results), which would reduce the potential for 
cannibalism (and, hence, mortality). 
Adults oviposited in separate plastic aquaria. Two days after their tadpoles hatched, 
we mixed 17 clutches together in a wading pool and added of lettuce for food. Later that 
   
 61 
day, we randomly chose and distributed these tadpoles into the separate experimental 
wading pools. We added 1080 tadpoles to each high-competition pool, and 180 tadpoles 
to each low-competition pool. These densities lie within the range of densities found in 
natural ponds (Pfennig 1990).  
We fed an equal amount of live, wild-caught fairy shrimp to each pool each morning, 
starting the day the tadpoles were added. We collected fairy shrimp each day with dip 
nets from two different ponds near Rodeo. We then added fairy shrimp to a bucket filled 
with 13 liters of water and, mixing the bucket between wading pools, added 500 ml of 
shrimp-saturated water to each pool. These shrimp densities were within the range of 
shrimp densities found in natural ponds.  
We ended the experiment after twelve days. We captured every surviving tadpole 
from each pool. We killed the tadpoles by immersion in a 0.1% aqueous solution of MS 
222 and preserved them in 95% ethanol. To evaluate if the proportion of carnivores 
differed between high-competition and low-competition treatments, we visually scored 
the proportion of carnivore tadpoles in each pond. We used an arcsine-root 
transformation of the data to fit the assumptions of a parametric test. We then used a 
linear mixed effect model, with conspecific density as a fixed effect and arcsine-root 
transformed proportion of carnivores as the response variable. We included pool ID as a 
random effect to account for unmeasured variation among pools.  
We used every tadpole we collected from the low-competition pools in the following 
analyses. However, we randomly selected up to 500 tadpoles from each high-competition 
pool for the analysis. For each wading pool, we combined three trophic characters (MP, 
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OH and the number of labial teeth rows (LT)) into a morphological index as described 
before. 
First, we asked if intraspecific competition disfavored intermediate trophic phenotypes in 
our experimental pools and if the strength of disruptive selection differed between 
experimental treatments. We tested for selection on trophic morphology in each pool 
using two fitness proxies: Gosner developmental stage (a commonly used guide for 
staging anuran larvae; see Gosner 1960) and body size (ln SVL; see Martin and Pfennig 
2009). These likely serve as reliable proxies for fitness: there is a premium on rapid 
development in the ephemeral ponds in which S. multiplicata typically breed (Pfennig 
1992), and larval body size predicts several fitness components (Martin and Pfennig 
2009). We separately regressed each of these fitness proxies onto the morphological 
index. For this analysis only, the morphological index was calculated separately for each 
experimental pool. We performed linear and quadratic regressions on the tadpoles from 
each pool separately. We chose the best regression model for each dataset by comparing 
the Akaike’s information criterion, corrected for sample size (AICc) for each model 
(Burnham and Anderson 2002). In addition, we performed cubic spline analyses to verify 
the presence of a fitness minimum (Schluter 1988). We fit linear mixed effect models to 
evaluate whether disruptive selection differed between experimental treatments. We 
included conspecific density and detritus availability, and the interaction between 
conspecific density and detritus availability as a fixed effect in our models. Our response 
measure was the quadratic selection gradient, ! (Lande and Arnold 1983; Stinchcombe et 
al., 2008), obtained from our separate regressions of trophic morphology and our two 
fitness proxies (ln SVL and Gosner stage) in each pool. We included pool ID as a random 
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effect as described before.  
Because we found a significant interaction between conspecific density and detritus 
availability, we then used Tukey’s HSD to test for differences between the conspecific 
density / detritus availability treatment combinations. In addition, because each estimate 
of the ! has an associated error, not accounted for in the above analyses, we estimated the 
median values of mean !, as well as 95% confidence intervals for each of the four 
treatment combinations using re-sampling. We performed our re-sampling by 
bootstrapping the individual regressions of body size and Gosner stage from each pool 
and then calculating a mean ! for each treatment. We used 10,000 bootstrap replicates for 
each pool to create a pool of 10,000 estimates of the mean ! for each treatment. We then 
calculated the median of the mean value of !, as well as the 5% and 95% confidence 
intervals for each treatment combination. 
Using the methods previously described (see Surveys of Natural Ponds above), we 
next evaluated whether the distribution of trophic morphology in each pool was 
significantly bimodal. Because there was greater support for bimodality than unimodality 
in every pool (Appendix B), we then measured the degree of bimodality and divergence 
between trophic phenotypes in each pool. We also confirmed that our different sampling 
procedures for different conspecific-density treatments (in which we sampled all tadpoles 
from the low-competition pools but potentially only a subset of tadpoles from the high-
competition pools) did not bias our results. To do so, we recalculated the degree of 
bimodality and divergence between trophic phenotypes in each pool after using reduced 
sample sizes from each high-competition pool (180 tadpoles; obtained by random 
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sampling without replacement). Because the results obtained from both sampling 
procedures were qualitatively similar, we report results utilizing the larger sample size.  
We fit a linear mixed effect model to evaluate if intraspecific competition (i.e., 
conspecific density), and ecological opportunity (i.e., the availability of detritus 
resources) promote bimodality in trophic morphology. We included conspecific density, 
detritus availability, and their interaction as fixed effects in our model. Our estimate of 
the degree of bimodality in each pool was the response measure. We included pool ID as 
a random effect as described before. 
Finally, we fit a linear mixed effect model to determine if conspecific density and 
detritus availability promote greater divergence between trophic phenotypes. We 
included conspecific density, resource availability and their interaction as fixed effects in 
our model. Our response measure was the distance between the modes of the fitted 
mixture model for each pool. We included pool ID as a random effect as described 
before. All analyses were done in R (2.9.2). 
 
RESULTS 
Surveys of Natural Ponds 
We found strong support for bimodality in 13 of 15 natural ponds, and equivalent 
support for unimodality and bimodality in two ponds (see Appendix B). Additionally, our 
estimate of competition (conspecific density) predicted the degree of bimodality (F1,11 = 
20.372, P = 0.0009). In particular, ponds with greater conspecific density exhibited 
greater bimodality (i.e., they produced more discrete trophic phenotypes; Fig. 3.2a). In 
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contrast, neither ecological opportunity (the range of resources available) or the 
interaction between conspecific density and ecological opportunity predicted the degree 
of bimodality (ecological opportunity: F1,11 = 0.024, P = 0.881; conspecific density x 
ecological opportunity: F1,11 = 3.003, P = 0.111).  
In contrast, both ecological opportunity (F1,11 = 6.748, P = 0.025) and conspecific 
density (F1,11 = 8.253, P = 0.015) predicted divergence between trophic phenotypes. In 
particular, ponds with greater ecological opportunity (greater abundances of both fairy 
shrimp and detritus) expressed greater divergence between trophic phenotypes (Fig. 
3.2b). Similarly, ponds with greater conspecific density also expressed greater divergence 
between trophic phenotypes (Fig. 3.2c). However, the interaction between ecological 
opportunity and conspecific density did not predict divergence between trophic 
phenotypes (F1,11 = 0.114, P = 0.743). 
 
Mesocosm Experiment 
We found that disruptive selection disfavored individuals that were intermediate in 
trophic morphology. Specifically, a quadratic regression with positive !, significantly fit 
the data in every pool and was the best-fit model in 23 of 24 pools for body size and 21 of 
24 pools for developmental stage (see Appendix B). In addition, cubic spline analyses 
verified the presence of fitness minimum in each pool. We further found that the intensity 
of disruptive selection was affected by conspecific density (ln SVL: F1,20 = 86.615, P < 
0.0001; Gosner stage: F1,20 = 143.695, P < 0.0001), resource availability (ln SVL: F1,20 = 
19.863, P < 0.0001; Gosner stage: F1,20 = 35.039, P < 0.0001), and their interaction (ln 
SVL: F1,20 = 37.955, P < 0.0001; Gosner stage: F1,20 = 11.986, P < 0.0001). Post hoc tests 
   
 66 
revealed significant differences between the four conspecific density/ detritus availability 
treatments (Fig. 3.3, see also Appendix B). Furthermore, our estimates of ! for each 
treatment fall within the range of !’s obtained by bootstrap re-sampling (Fig. 3.3, see also 
Appendix B). 
The distributions of trophic phenotypes were significantly bimodal in all 24 
experimental pools, irrespective of treatment (see Appendix B). However, experimental 
pools in the high-competition treatment exhibited greater bimodality (i.e., they produced 
more discrete resource-use phenotypes) than pools in the low-competition treatment 
(high-competition: 0.963 ± 0.012, low-competition: 0.924 ± 0.027, F1,20 = 5.506, P = 
0.029; Fig. 3.4; also see Appendix B). In contrast, there was no effect of resource 
treatment (F1,20 = 0.583, P = 0.454), or the interaction between density and resource 
treatments (F1,20 = 0.109, P = 0.745), on the degree of bimodality. However, by the end 
of the experiment, the mean (± s.e.m.) proportion of individuals that were carnivores was 
actually significantly greater in the low-competition treatment (0.034 ± 0.022) than in the 
high-competition treatment (0.013 ± 0.001; F1,22 = 16.179, P = 0.0006). 
Resource availability affected divergence between trophic phenotypes. Specifically, 
divergence was greater in the rich-detritus availability treatment (rich-detritus: 3.666 ± 
0.6, poor-detritus: 3.065 ± 0.441, F1,20 = 7.297, P = 0.0137, Fig. 3.4; also see Appendix 
B). In contrast, there was no effect of density (F1,20 = 0.341, P = 0.566), or the interaction 
between density and resource treatments (F1,20 = 0.024, P = 0.878), on divergence 
between trophic phenotypes. 
 
DISCUSSION 
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Evolutionary ecologists have long hypothesized that intraspecific competition acts as 
a potent agent of disruptive selection. According to this theory (reviewed in Bolnick 
2004; Martin and Pfennig 2009), individuals that specialize on less common, but 
underutilized, resources on either end of a resource gradient will have a fitness 
advantage. Over time, this selection can favor alternative resource-use morphs within the 
same population; i.e., a resource polymorphism. Although longstanding, this theory has 
been subjected to few experimental tests. Moreover, such tests often fail to consider the 
importance of ecological opportunity. Generally, a resource polymorphism should only 
evolve when intraspecific resource competition is intense and ecological opportunity 
high; i.e., when the resource gradient is wide enough to allow each morph in a resource 
polymorphism to specialize on an alternative resource. In this study, we used spadefoot 
toad tadpoles to test this general hypothesis.  
Our results demonstrate that both intraspecific competition and ecological 
opportunity promote the expression of resource polymorphism, and therefore suggest that 
they are necessary for the evolution of resource polymorphism. Specifically, four lines of 
evidence indicate that intraspecific competition promotes resource polymorphism. First, 
natural ponds with the greatest density of conspecifics (a measure of the intensity of 
competition) expressed the most bimodal (i.e., the most discrete) distributions of trophic 
phenotypes (Fig. 3.2a). Second, natural ponds with the greatest density of conspecifics (a 
measure of the intensity of competition) expressed the greatest divergence between 
trophic phenotypes (Fig. 3.2c). Third, selection against intermediate phenotypes in our 
mesocosm experiment tended to be more intense in the high than in the low-competition 
treatments (Fig. 3.3; Appendix B; see also Bolnick 2004; Martin and Pfennig 2009). 
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Fourth, in our mesocosm experiment, tadpoles produced greater bimodality in trophic 
phenotype in the high-competition treatment than in the low-competition treatment (e.g., 
Fig. 3.4). These results, together with those of a previous study (Martin and Pfennig 
2009), demonstrate that intraspecific competition favors extreme resource-use morphs.  
Two lines of evidence support the prediction that ecological opportunity is also 
critical for the evolution of niche-width expansion and, therefore, resource 
polymorphism. First, natural ponds with the greater availability of fairy shrimp and 
detritus resources (a measure of ecological opportunity) expressed greater divergence 
between trophic phenotypes (Fig. 3.2b). Second, in our mesocosm experiment, the 
greatest divergence between trophic phenotypes was expressed in rich-detritus 
availability pools (e.g., Fig. 3.4a, c).  
As further evidence that both intraspecific competition and ecological opportunity are 
essential for the expression (and, presumably, the evolution) of resource polymorphism, 
we found that bimodality and divergence between trophic phenotypes (and thus, the 
expression of resource polymorphism) was greatest in our mesocosm experiment where 
both competition and resource availability were greatest (Fig. 3.4a). The finding that 
disruptive selection was greatest in pools where conspecific density was greatest and the 
range of resources was decreased (Fig. 3.3) strongly suggests that the increased range of 
resources in the rich-resource, high-competition treatment allowed the experimental 
populations to expand the range of resources used as an adaptive response to lessen 
competition, as predicted by theory.  
We observed cannibalism in our wading pools, which raises an important question: 
did the greater bimodality in high-competition pools (Fig. e.g., 3.4a,b) arise merely as a 
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consequence of more carnivores being produced in response to an increased abundance of 
conspecific prey?  Although shrimp ingestion is the more important environmental cue 
for inducing carnivores (Pomeroy 1981; Pfennig 1990), cannibalism can also induce 
carnivores (Pomeroy 1981). Thus, it might be contended that the positive relationship 
between tadpole density and degree of bimodality arose, not as an adaptive response to 
lessen competition for food, but as a response to an increase in prey for cannibalistic 
individuals to eat. Two lines of evidence argue against this alternative hypothesis, 
however. First, in our experimental pools, individuals that were intermediate in trophic 
morphology were smaller and less developed (see Results) than were either omnivores or 
carnivores. The reduced size and development of intermediates can be explained readily 
by competition (Martin and Pfennig 2009) but not by predation (carnivores preferentially 
target omnivores, not intermediates, as prey; D.W. Pfennig, personal observation). 
Second, contrary to the predictions of the predation hypothesis, a higher frequency of 
carnivores was actually produced in low-conspecific-density pools than in high-
conspecific-density pools (see Results). Thus, our data are most consistent with the 
hypothesis that bimodality in trophic phenotype arose primarily as an adaptive response 
to lessen intraspecific competition for food.  
Although we used conspecific density as our proxy for the intensity of intraspecific 
competition, competition should generally be more intense whenever the supply of 
resources is low relative to demand. This relationship should hold regardless of whether 
the demand (e.g., conspecific density) is high, or whether the supply (e.g., the range of 
resources available) is low. Yet, in our mesocosm experiment, we found no effect of 
resource treatment (i.e., supply) on the degree of bimodality (see Results). One possible 
   
 70 
explanation for this result is that the increase in bimodality may arise as an adaptive 
response to interference competition, in which individuals directly impede the foraging of 
others, rather than to exploitative competition, which occurs indirectly through the 
consumption of a shared, limited resource. A decrease in the range of resources available 
should have intensified only exploitative competition, but an increase in the density of 
conspecifics should have intensified both exploitative and interference competition. The 
fact that a decrease in the range of resources available did not cause greater bimodality, 
whereas an increase in the density of conspecifics did, suggests that bimodality may not 
have resulted purely from exploitative competition, as is often assumed. Generally, the 
relative contributions of exploitative versus interference competition to the evolution of 
resource polymorphism are largely unknown (but see Svanbäck and Persson 2004; 
Andersson et al. 2007).  
Taken together, our results provide experimental support for the observation that 
alternative resource-use morphs occur most commonly where intraspecific competition is 
intense, exploitable resources are present, and interspecific competition is relaxed. For 
example, many lakes in recently glaciated regions of the northern hemisphere are 
relatively species poor, which serves to increase ecological opportunity. Moreover, 
resources are often limited, which tends to increase intraspecific competition. In such 
lakes, many species of fish express sympatric benthic and limnetic ecomorphs, which 
specialize on macroinvertebrates in the littoral zone or plankton in the open water, 
respectively (reviewed in Robinson and Wilson 1994). Similarly, alternative resource-use 
morphs in larval amphibians are found in species-poor habitats where intraspecific 
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competition is intense (Pfennig, 1990; Walls, Belanger and Blaustein 1993; Michimae 
and Wakahara 2002).  
In conclusion, our study suggests that resource polymorphism does indeed evolve as 
an adaptive response to lessen intraspecific competition for resources. However, our 
results also suggest that resource polymorphisms are more likely to evolve when 
ecological opportunity is present. Because resource polymorphism might represent a 
critical, early stage in the speciation process (West-Eberhard 1989; Smith and Skúlason 
1996;  Pfennig and McGee 2010), research into the conditions that favor resource 
polymorphism might also help clarify the conditions that initiate species formation. 
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FIGURE LEGENDS 
 
 
Figure 3.1: Distributions of tadpole trophic morphology from representative natural 
pools, showing variation in degree of bimodality and divergence between alternative 
trophic phenotypes; (a) represents AZ0603 in and (b) represents AZ0601 (see Appendix 
B). Shaded light grey bars represent probability density distributions of tadpole 
morphological indices, where larger values correspond to tadpoles that are more 
carnivore-like and smaller values correspond to tadpoles that are more omnivore-like. For 
both ponds, the solid and dashed curves represent the fitted mixture model for each mode, 
corresponding to (roughly) omnivores and carnivores, respectively. The single dark grey 
bars in (a) and (b) illustrate the window used to estimate the degree of bimodality and is 
centered on the intersection of the fitted mixture models. The single, horizontal capped 
solid lines in (a) and (b) illustrate the distance between the modes of the fitted mixture 
models (used to estimate divergence between alternative trophic phenotypes). The 
distribution for the pond in (a) was weakly bimodal, whereas that for the pond in (b) was 
strongly bimodal. In addition, the distance between modes in pond (a) was smaller than 
the distance between modes in pond (b). See Methods and Results for details.  
 
Figure 3.2: Relationships in natural ponds between intraspecific competition and 
ecological opportunity on the one hand and the expression of resource polymorphism on 
the other. (a) Relationship between conspecific density (a measure of the intensity of 
intraspecific competition) and degree of bimodality in trophic phenotype. (b) 
Relationship between ecological opportunity scores (a composite measure of the range of 
available resources) and divergence between trophic phenotypes. (c) Relationship 
between conspecific density and divergence between trophic phenotypes. See Methods 
and Results for details. 
 
Figure 3.3: Effect of competition and ecological opportunity on the intensity of 
disruptive selection on trophic morphology. (a) Developmental (Gosner) stage, and (b) 
body size (ln SVL, mm) serve as fitness proxies. Experimental treatments are H-P: high-
conspecific density, poor-detritus availability; H-R: high-conspecific density, rich-
detritus availability; L-P: low-conspecific density, poor-detritus availability; and L-R: 
low-conspecific density, rich-detritus availability. Filled circles and their associated error 
bars represent the mean quadratic selection gradient (!) of the six experimental pools in 
each treatment and the associated standard deviations. Treatment means not sharing an 
uppercase letter were significantly different from each other. Open circles and their 
associated error bars represent the median of the mean ! for each treatment estimated 
from 10,000 bootstrapped quadratic regressions for each pool and the associated 95% 
confidence intervals. See Methods and Results for details. 
 
Figure 3.4: Distributions of tadpole trophic morphology from representative 
experimental pools, including (a) a high-conspecific density, rich-detritus availability 
pool, pool 5 (b) a high-conspecific density, poor-detritus availability pool, pool 12 (c) a 
low-conspecific density, rich-detritus availability pool, pool 17 and (d) a low-conspecific 
density, poor-detritus availability pool, pool 20 (see Appendix B). Shaded grey bars 
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represent probability density distributions of tadpole morphological indices, where larger 
values correspond to tadpoles that are more carnivore-like and smaller values correspond 
to tadpoles that are more omnivore-like. The solid and dashed curves represent the fitted 
mixture model for each mode, corresponding to (roughly) omnivores and carnivores, 
respectively. See Methods and Results for details. 
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Figure 3.4 
 
1This chapter is modified from Martin, R. A. and Pfennig, D. W. 2010. Maternal 
investment influences resource polymorphism in amphibians: implications for the 
evolution of novel resource-use phenotypes. PLoS One 5(2): e9117. 
CHAPTER IV 
MATERNAL INVESTMENT INFLUENCES EXPRESSION OF RESOURCE 
POLYMORPHISM IN AMPHIBIANS: IMPLICATIONS FOR THE EVOUTION OF 
NOVEL RESOURCE-USE PHENOTYPES
1
 
SUMMARY 
Maternal effects – where an individual’s phenotype is influenced by the phenotype or 
environment of its mother – are taxonomically and ecologically widespread. Yet, their 
role in the origin of novel, complex traits remains unclear. Here, we investigate the role 
of maternal effects in influencing the induction of a novel resource-use phenotype. 
Spadefoot toad tadpoles, Spea multiplicata, often deviate from their normal development 
and produce a morphologically distinctive carnivore-morph phenotype, which specializes 
on anostracan fairy shrimp. We evaluated whether maternal investment influences 
expression of this novel phenotype. We found that larger females invested in larger eggs, 
which, in turn, produced larger tadpoles. Such larger tadpoles are better able to capture 
the shrimp that induce carnivores. By influencing the expression of novel resource-use 
phenotypes, maternal effects may play a largely underappreciated role in the origins of 
novelty.  
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INTRODUCTION 
A central goal of evolutionary biology is to understand how novel, complex traits 
arise (West-Eberhard 2003; Moczek 2008). An organism’s external environment often 
plays a critical role in directing both the development and evolution of novel traits. 
Specifically, the environment may promote the development of novel traits through 
phenotypic plasticity (see recent review in Gilbert and Epel 2009), and it may promote 
the evolution of novel traits through genetic accommodation (sensu West-Ebarhard 
2003). Thus, clarifying how the environment influences the expression and evolution of 
complex traits is crucial for understanding how new traits arise. 
Here, we explore the role of the maternal environment in influencing the expression 
of a novel resource-use phenotype. Understanding how resource-use phenotypes originate 
is important, because their evolution may permit populations to invade and persist in 
novel or changing environments (Smith and Skúlason 1996; Ledón-Rettig et al. 2008). 
Moreover, the evolution of resource polymorphism – in which alternative morphs 
showing differential resource use occur in the same population (Smith and Skúlason 
1996; Smith and Skúlason 1996) – may represent a critical, early phase in the formation 
of a new species (West-Eberhard 1989; West-Eberhard 2003; Pfennig and McGee 2009).  
We specifically consider how the phenotype of an individual's mother, independent of 
the effects of her genes, influence which resource-use morph the individual will 
ultimately express. Little is known about whether and how such maternal effects (sensu 
Mousseau and Fox 1998) mediate resource polymorphism (Smith and Skúlason 1996; but 
see Michimae et al. 2009; Pfennig and Martin 2009 for possible examples). Yet, maternal 
effects may play a key role in the development and evolution of resource polymorphism, 
\
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especially in species, such as amphibians, where egg provisioning often constitutes the 
only maternal investment (Bernardo 1996; Kaplan 1998), and where a mother’s 
environment can influence the amount (and, possibly, quality) of provision she allocates 
to each egg (JØrgenson 1982; Kaplan 1987; Kaplan 1989; Kaplan and King 1997). Such 
differential investment can, in turn, profoundly affect her offspring’s phenotype 
(reviewed in Kaplan 1998). For example, larger females often produce larger eggs 
(Kaplan and Salthe 1979; Kaplan 1987; Kaplan 1989; Kaplan and King 1997), which 
develop into larger, faster developing tadpoles (Kaplan 1989; Kaplan 1992; Parichy and 
Kaplan 1992; Loman 2002). Furthermore, differential investment may mediate plasticity 
in the expression of offspring traits (Parichy and Kaplin 1992; Parichy and Kaplan 1995; 
Kaplan and Phillips 2006). In particular, in species where individuals facultatively 
express alternative resource-use morphs depending upon their environmental 
circumstances (e.g., see Collins and Cheek 1983; Pfennig 1990; Michimae and Wakahara 
2002), offspring that receive greater maternal investment may induce a different 
resource-use morph than offspring that receive less maternal investment (e.g., see Maret 
and Collins 1994; Michimae et al. 2009). Thus, maternal effects may often be critical in 
the expression of resource polymorphism.  
Previous research by Pfennig and Martin (2009) suggests that a condition-dependent 
maternal effect mediates differences in the expression of resource polymorphism in 
different populations of an amphibian. In the present study, we examine the proximate 
mechanisms underlying such a maternal effect. We also speculate on the role maternal 
effects may play in the evolution of novel resource-use phenotypes. Before outlining our 
specific objectives, we first describe our study system in more detail. 
\
 84 
Study System 
Mexican spadefoot toads (Spea multiplicata: Family Pelobatidae) occur in Mexico 
and the southwestern U.S. (Stebbins 2003). Their tadpoles are unusual in that they exhibit 
considerable variation in resource use, morphology, and life history, even within a single 
clutch. In particular, these tadpoles may develop into either a small, slowly developing 
tadpole with normal sized jaw muscles used for feeding on detritus at the pond bottom 
(the “omnivore” morph), or a larger, more rapidly developing tadpole with greatly 
enlarged jaw muscles used for feeding on anostracan fairy shrimp in open water (the 
“carnivore” morph; Bragg 1965; Pomeroy 1981; Pfennig 1990, 1992; for photos of both 
morphs, see Pfennig and Murphy 2002). The carnivore morph is a novel phenotype 
within the family Pelobatidae that has arisen only in the genus Spea (Ledón-Rettig et al. 
2008).  
Morph determination is environmentally induced. Tadpoles are born as omnivores, 
but they may develop into carnivores if they ingest anostracan fairy shrimp early in life 
(Pomeroy 1981; Pfennig 1990; Storz 2004). However, there is considerable variation in 
carnivore production, and some sibships are more prone than others to produce 
carnivores, even when tadpoles are reared under common conditions (Pfennig and 
Frankino 1997; Pfennig 1999). Moreover, because shrimp are limited in most natural 
ponds (Pfennig 1992), competition among tadpoles for the more nutritious shrimp prey 
(Pfennig 2000) critically affects the probability that any particular tadpole will eat shrimp 
and thus experience the cue that induces the carnivore morph (Pfennig 1992; Frankino 
and Pfennig 2001). 
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This resource polymorphism appears to be maintained evolutionarily as an adaptive 
response to variation among natural ponds in longevity and resource availability. 
Carnivores are favored in highly ephemeral ponds where shrimp are most abundant and 
where a carnivore's rapid growth and development increase their likelihood of 
metamorphosing before their pond dries (Pfennig 1990; 1992). Omnivores, by contrast, 
are favored in longer-lasting ponds, where shrimp tend to be scarce (Pfennig 1990). 
However, both morphs are often present in the same pond (Bragg 1965; Pomeroy 1981; 
Pfennig 1990). In such situations, individuals compete for food most with other tadpoles 
that express the same morphotype (Pfennig 1992; Martin and Pfennig 2009). As a result, 
negative frequency-dependent selection favors the rarer morph (Pfennig 1992). Thus, 
selection to minimize competition for food can maintain both morphs in the same pond. 
An additional selective agent influencing the evolution of resource polymorphism 
in this system is interspecific competition for food. In southeastern Arizona and 
southwestern New Mexico, USA, S. multiplicata co-occurs with a congener, S. 
bombifrons (Pfennig and Murphy 2000, 2002, 2003; Pfennig et al. 2006, 2007), whose 
tadpoles outcompete S. multiplicata for shrimp and thereby produce a competitively 
superior carnivore (Pfennig and Murphy 2002). Selection to lessen competition between 
these species has led to divergence in resource-use traits, both between species (character 
displacement; Pfennig et al. 2006, 2007) and between sympatric and allopatric 
populations within each species (Pfennig and Murphy 2000, 2002). In particular, where 
each species occurs alone, they produce similar, intermediate frequencies of both morphs 
(Pfennig et al. 2006). However, where they co-occur, S. multiplicata produces mostly 
omnivores, whereas S. bombifrons produces mostly carnivores (Pfennig and Murphy 
\
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2000; Pfennig and Murphy 2002; Pfennig et al. 2006). Experiments reveal that this 
divergence in morph production reflects selection to lessen interspecific competition for 
food; i.e., it reflects ecological character displacement (Pfennig and Murphy 2000; 
Pfennig et al. 2007). Moreover, differences in morph production between sympatric and 
allopatric population of S. multiplicata persist even when tadpoles are produced and 
reared under common conditions, suggesting that they are developmentally canalized 
(Pfennig and Murphy 2000, 2002).  
Population differences in morph production have also resulted in shifts in adult size 
(Pfennig and Pfennig 2005) and condition (Pfennig and Martin 2009). Partly because 
they produce only the smaller omnivore morph in the presence of S. bombifrons, S. 
multiplicata mature as smaller adults in sympatry relative to allopatry (Pfennig and 
Pfennig 2005). In addition, females from sympatry produce smaller eggs than females 
from allopatry (Pfennig and Martin 2009). Because differences in morph production are 
maternally inherited and disappear once females have been equilibrated in condition 
(Pfennig and Martin 2009), morph production may in part be a result of a condition 
dependent maternal effect. This maternal effect may be driven by differences in adult 
body size and maternal investment between allopatric and sympatric S. multiplicata 
(Pfennig and Martin 2009). However, the precise mechanism by which a mother’s body 
size and condition influence the resource-use morph of her offspring was (before the 
present study) unknown. 
 
Specific Hypotheses and Predictions 
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The overall goal of our study was to determine the proximate mechanisms underlying 
a maternal effect influencing the expression of resource polymorphism in S. multiplicata. 
In particular we hypothesized that, through its effects on egg size and ultimately tadpole 
size, a female's overall body size influences the likelihood that her tadpoles will develop 
into the novel carnivore morph phenotype.  
In order to achieve this goal, we asked whether maternal size predicts the time it takes 
the offspring to capture and consume a standard amount of shrimp. A tadpole’s time to 
eat shrimp is highly repeatable for individual tadpoles (Spearman correlation between the 
separate times to eat two consecutive shrimp for 75 S. multiplicata tadpoles = 0.63, P < 
0.0001). More importantly, the amount of time that a tadpole takes to eat a standard 
quantity of shrimp reliably predicts its propensity to later develop into a carnivore morph: 
tadpoles that eat shrimp the fastest are ultimately the most likely to express the distinctive 
large-headed carnivore phenotype (Pfennig et al. 2007; Spearman correlation between the 
time to eat three shrimp and the degree to which the carnivore morphology is expressed 
for 130 S. multiplicata tadpoles = -0.36, P < 0.001). Finding that maternal, but not 
paternal, size predicts offspring shrimp foraging ability would further suggest that a 
maternal effect influences offspring shrimp foraging ability, and, by extension, their 
propensity to produce carnivores. Therefore, we also asked whether paternal size predicts 
their offspring’s time to capture and consume shrimp. In addition, because we 
hypothesized that females may affect their offspring’s morph determination by 
influencing offspring size, we asked if tadpole size also predicts shrimp foraging ability.     
Next, because we found that the largest females produced the most carnivore-like 
offspring and larger tadpoles were more carnivore-like than smaller tadpoles (see 
\
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Results), we sought to determine if this result reflected differences among females in 
maternal investment. We specifically sought to determine if larger females made a 
greater investment in egg size than smaller females, and if larger eggs produced 
correspondingly larger tadpoles. Larger tadpoles may be more likely to develop into 
carnivores, in part, because their greater size gives them an advantage when competing 
with smaller tadpoles for the shrimp that induce carnivore-morph expression (Frankino 
and Pfennig 2001). 
 
MATERIALS AND METHODS 
Spea multiplicata bred for these experiments were collected from four breeding 
aggregations (and from the road nearby) near Rodeo, New Mexico. All animals were 
transported to the University of North Carolina at Chapel Hill, where they were housed 
and maintained on identical diets for at least six months before use in the experiments 
below. The variation in female body size (SVL) used in the experiments described below 
(49.73 ± 3.23, n = 24) was similar to the variation in female size found in nature (44.30 ± 
3.67, n = 260; Pfennig and Pfennig 2005).  
This study was conducted in compliance with the Public Health Service (PHS) policy 
on Humane Care and Use of Laboratory Animals, the Amended Animal Welfare Act of 
1985, and the regulations of the United States Department of Agriculture (USDA) under 
the supervision of the Institutional Animal Care and Use Committee (IACUC) at the 
University of North Carolina at Chapel Hill under application #06-047.0-A.  Field 
collections were conducted under New Mexico collecting permit 1857. 
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Relationship Between Maternal Size, Paternal Size, Offspring Size and Offspring 
Foraging Behavior 
We generated tadpoles to examine the relationships between maternal size, paternal 
size, offspring size and offspring foraging behavior by breeding 20 pairs of S. 
multiplicata, which were randomly paired with their mate with respect to body size 
(SVL). We chose females with fully developed eggs for breeding, by visually inspecting 
each female’s clutch through her skin. Immediately before breeding, we measured each 
toad’s snout-vent length (SVL) and injected each with 0.07 ml of 0.1mM gonadotropin 
releasing hormone to induce breeding. We then placed each male-female pair in an 11.3 
L tank filled with dechlorinated water and left them undisturbed overnight. The next day 
we removed the adult toads and left the fertilized eggs within the tanks where they were 
oviposited. Spea tadpoles hatch approximately 24 hours after oviposition and fertilization 
and are free swimming approximately 12 hours after hatching. Five days after the 
breeding, we thinned out the tadpoles to approximately 50 tadpoles per 11.3 L plastic 
tank, keeping tadpoles from the same clutch together, and fed them crushed fish food ad 
libitum (Wardley cichlid floating pellets). 
Twelve days after the breeding, we measured the ability of 21 tadpoles from each of 
10 randomly chosen families to capture and consume shrimp (two tadpoles died prior to 
the end of the experiment and were therefore not included in the subsequent analysis). 
We used tadpoles from only 10 families to maximize the number of tadpoles we could 
test from each family. We placed each tadpole separately in an individually numbered 
round, opaque, plastic container (12 cm in diameter and 6 cm deep) filled with 600 mL of 
de-chlorinated water (kept at 23° C). We arranged the cups on a table randomly with 
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respect to family. We allowed the tadpoles to acclimate to their new surroundings for 
twenty-four hours, during which time they were fed crushed fish food (Wardley cichlid 
floating pellets) to ensure that all tadpoles were equally satiated. The next day, we placed 
into each container three, live brine shrimp (Artemia sp., 10 mm total length; brine 
shrimp are similar to the fairy shrimp on which Spea tadpoles prey in natural ponds and 
can induce carnivore-like morphology (Pfennig et al. 2007). We then observed the 
tadpoles continuously and recorded the time each took to capture and consume all three 
shrimp. To determine if tadpole size, maternal size, and paternal size predicted offspring 
shrimp foraging ability we fit a linear mixed effect model to the data with maternal size 
(mother’s SVL), paternal size (father’s SVL) and tadpole size (SVL) as fixed effects. The 
response variable, the time for each tadpole to capture and consume three shrimp, was 
natural log transformed to meet the assumptions of normality. In addition, included the 
random effect of family identity, to account for non-independence among tadpoles from 
the same family, nested within the random effect of population, using restricted 
maximum likelihood (REML). Statistical analyses were performed in the nlme package 
in R version 2.8.1. 
 
Relationship Between Maternal Size and Egg Size 
To examine the relationship between maternal size and egg size we collected 10-25 
eggs, from each of the 20 clutches generated in the breeding described above, within a 
few hours of oviposition. We immediately preserved these eggs in 10% buffered 
formalin. At a later date we used a Leica MZ16 dissecting microscope with a Leica 
DFC480 digital camera to photograph the eggs at 10x magnification. We determined the 
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Gosner developmental stage of each egg (Gosner 1960) and measured its diameter by 
using ImageJ 1.37v (Rasband 1996-2007). We assumed that each egg was spherical and 
calculated its volume from the formula 4/3!r
3
, where r is the radius. We only included 
eggs in the same Gosner stage in our analysis (stage 12, Gosner 1960) because egg 
volumes change during development and are not directly comparable across 
developmental stages (Kaplan 1979; Kaplan and King 1997; King and Kaplan 1997). In 
addition, it is important to note that preservation in formalin can affect egg size (King and 
Kaplan 1997).  Therefore, we likely did not measure the true egg size of our formalin 
preserved eggs. However, because we were interested in the relationship between relative 
egg size and maternal size, changes in egg size caused by fixation in formalin were 
unlikely to qualitatively affect our results. 
Because we specifically predicted that larger females would produce larger eggs we 
employed a one-tailed test. Specifically, we fit a linear mixed effect model to the data to 
determine if maternal size (SVL) predicted egg volume. We treated maternal size as a 
fixed effect. In addition, we included the random effect of family identity, to account for 
non-independence among eggs from the same clutch, nested within the random effect of 
population, using restricted maximum likelihood (REML). Statistical analyses were 
performed in the nlme package in R version 2.8.1. 
 
Relationship Between Egg Size and Tadpole Size  
To examine the effect of egg size on tadpole size (where, again, egg size served as a 
measure of maternal investment), we measured the size of individual eggs from the single 
cell stage, and again as tadpoles seven days after oviposition. We chose to re-measure the 
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tadpoles seven days after oviposition because carnivores can first be found in natural 
ponds around this time (Storz and Travis 2007). We generated four clutches from four 
pairs of S. multiplicata, from separate populations, each on a separate day, using 
procedures described above. We collected eggs within twenty minutes of their laying, and 
before they developed into the two-cell stage (Gosner stage 3, Gosner 1960). We 
continued to collect eggs periodically as new eggs were laid. We de-jellied eggs with a 
2% L-cysteine solution for no longer than 2 minutes and washed them three times with an 
isotonic buffer [0.1x Marc’s Modified Ringers (MMR) pH 7.5 (100mM NaCl, 2mM 
CaCl2, 1mM MgCl2, 5mM HEPES, 2mM KCl)]. We then placed each egg in a petri dish 
filled with 40 milliliters of an isotonic buffer (0.1x MMR) and measured each egg at the 
one cell stage as described above. In addition, we measured each tadpole’s body size 
(SVL) with handheld digital calipers seven days after oviposition (number of individuals 
measured per clutch = 26 ± 14). Between measurements, eggs and tadpoles were kept in 
an environmental chamber at 25° C on a 14L: 10D cycle. Eggs were reared in 0.1x MMR 
and transferred, when free swimming, to dechlorinated tap water, that was changed daily. 
Tadpoles were fed crushed fish food (Wardley cichlid floating pellets) and brine shrimp 
ad libitum, starting 36 hours after oviposition. 
We calculated egg volume, tadpole size and developmental stage as described above. 
Because we specifically predicted that larger eggs would produce larger tadpoles, we 
employed a one-tailed test. Specifically, we fit a linear mixed effect model to the data. 
Initial egg size was treated as a fixed effect, and tadpole size (SVL) at seven days post-
laying was the response measure. We included family identity as a random effect, using 
restricted maximum likelihood (REML), to control for the possibility that differences 
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among families drove the relationship between egg size and tadpole size. Statistical 
analyses were performed in the nlme package in R version 2.8.1. 
 
RESULTS 
Relationship Between Maternal Size, Paternal Size, Offspring Size and Offspring 
Foraging Behavior 
Both maternal size (SVL, (F1, 4 = 18.079, P = 0.013)) and tadpole size (SVL, F1, 197 = 
55.845 P < 0.0001) significantly predicted offspring foraging behavior. Indeed, there was 
a significant, negative relationship between the time it took to capture and consume a 
standard quantity of shrimp and both maternal size (Fig. 4.1; slope = -0.14 ± s.e. 0.048) 
and tadpole size (Fig. 4.2; slope = -0.217 ± s.e. 0.031). By contrast, there was no 
significant relationship between paternal size (SVL) and offspring foraging behavior (F1, 
4 = 1.428, P = 0.298). In addition, the random effect of family identity accounted for 
~16% of the remaining variation in offspring foraging behavior. In contrast, the random 
effect of population accounted for << 1% of the remaining variation in offspring foraging 
behavior.  
 
Relationship Between Maternal Size and Egg Size 
Maternal size (SVL) significantly predicted egg volume (F1,14 = 6.22, P = 0.013 for a 
one-tailed test). In particular, there was a significant, positive relationship between 
maternal size (SVL) and egg volume (Fig. 4.3; slope = 0.022 ± s.e. 0.09). Thus, larger 
females produced larger eggs. In addition, the random effect of family identity accounted 
for ~31% of the remaining variation in egg size. In contrast the random effect of 
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population accounted for << 1% of the remaining variation in offspring foraging 
behavior.  
 
Relationship between egg size and tadpole size  
There was a significant relationship between egg size and tadpole size seven days 
after oviposition (F1, 97 = 3.175, P = 0.039 for a one tailed test). In particular, there was a 
significant, positive relationship between egg volume and the size (SVL) of tadpoles 
emerging from each egg (Fig. 4.4; slope = 0.829 ± s.e. 0.425). Thus, larger eggs produced 
larger tadpoles. In addition, the random effect of family identity accounted for 36% of the 
remaining variation in tadpole size.  
 
DISCUSSION 
We evaluated the proximate mechanisms by which a maternal effect influences the 
expression of a novel resource-use phenotype, and thereby, resource polymorphism. 
Specifically, we asked how a female spadefoot toad’s body size influences the propensity 
of her tadpoles to develop into a distinctive carnivore morph, as opposed to the normal 
omnivore morph. Our results suggest that the expression of the carnivore morph is indeed 
influenced by maternal phenotype. Specifically, female size was significantly negatively 
correlated with the time it took offspring to capture and consume shrimp (Fig. 4.1), 
which, in turn, is significantly negatively correlated with an individual’s propensity to 
become a carnivore (Pfennig et al. 2007). Thus, large females produced large offspring 
with a greater propensity to become carnivores (Fig. 4.2). In contrast, there was no effect 
of paternal size on offspring foraging behavior.  
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It might be contended that a purely genetic correlation between female size and 
tadpole size, rather than a maternal effect, explains why larger females produce offspring 
with a greater propensity to become carnivores. However, such a genetic correlation is 
unlikely the main factor explaining variation in shrimp foraging behavior, because the 
relationship between female size and offspring morph determination appears to be 
condition dependent: altering a female’s size (through differential feeding in the lab) 
affects the propensity of her offspring to develop as carnivores (Pfennig and Martin 
2009). Both short and long term changes in female size and condition are known to affect 
maternal investment and tadpole phenotype in anurans (JØrgenson1982; Kaplan 1987; 
Kaplan 1989; Kaplan 1992). Indeed, the tendency for large mothers to produce tadpoles 
with a greater propensity to become carnivores appears to reflect differences in maternal 
investment. Larger females invested in larger eggs (Fig. 4.3), which produced 
correspondingly larger tadpoles (Fig. 4.4). Larger tadpoles, in turn, are able to handle 
shrimp more efficiently (Fig. 4.2) and may be able to consume them faster and earlier in 
development than smaller tadpoles. Larger tadpoles may thereby acquire more of the cue 
– shrimp ingestion – that induces the carnivore morph (Pomeroy 1981; Pfennig 1990; 
Storz 2004). In natural ponds, larger tadpoles may be especially likely to develop into 
carnivores by outcompeting smaller tadpoles for shrimp (Frankino and Pfennig 2001), 
which is a limiting resource (Pfennig et al. 2006).   
The lack of a significant relationship between offspring foraging behavior and 
paternal size does not rule out environmental or genetic parental effects uncorrelated with 
parental size. Indeed, the amount of variation accounted for by family identity in 
offspring foraging behavior, egg size, and tadpole size (see Results), suggests that 
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additional parental effects contribute to these traits and to the expression of resource 
polymorphism. Further studies are needed to explore the possible contributions (if any) of 
environmental or genetic parental effects uncorrelated with parental size. 
Because our results are correlative, we did not directly test the relationship between 
maternal phenotype, maternal investment, and offspring morph determination. Therefore, 
it would be valuable to experimentally test the hypothesis suggested by our study; that 
maternal size influences offspring morph determination via maternal investment. This 
hypothesis could be tested experimentally by 1) manipulating the degree of maternal 
investment to individual eggs through yolk removal (e.g., Sinervo 1990) and 2) through 
nuclear transplantation (Briggs and King 1952), where the original nuclear genetic 
material of an egg is destroyed and replaced with the nuclear genetic material from a 
donor cell. These two approaches could disentangle the affects of maternal investment on 
the expression of resource polymorphism from other environmental and genetic parental 
effects.  
Nevertheless, our data suggest that maternal effects may play an important role in 
mediating resource polymorphism. Although our study focused on how maternal effects 
influence resource polymorphism through differential maternal investment, maternal 
effects mediated by oviposition decisions, such as where eggs are laid, may also be 
important. For example, the expression of resource polymorphism can be influenced by 
numerous environmental cues, such as conspecific density (Collins and Cheek 1983; 
Nishihara 1996; Hoffman and Pfennig 1999), degree of relatedness among conspecifics 
(Pfennig and Collins 1993; Frankino and Pfennig 1997), and the type and quality of prey 
(Pfennig 1990; Wainwright et al. 1991; Loeb at al. 1994; Michimae and Wakahara 2002). 
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How offspring experience each of these factors may depend, in turn, on where a female 
deposits her eggs. Thus, maternal effects that are manifested as differential oviposition 
decisions could also influence the expression of resource polymorphism. 
Although maternal effects are increasingly viewed as being important in driving rapid 
phenotypic change within populations (reviewed in Rossiter 1996; Räsänen and Kruuk 
2007), they may also promote rapid divergence between populations that differ 
consistently in exposure to the environmental stimuli that influence the maternal effect 
(Rossiter 1996; Räsänen and Kruuk 2007), (e.g., see Badyaev et al. 2002; Räsänen and 
Merilä 2003). Indeed, the relationship between maternal size and investment may 
reinforce character displacement and population divergence in spadefoot toads. Partly 
because they produce only the smaller omnivore morph in the presence of S. bombifrons, 
S. multiplicata mature as smaller adults in sympatry relative to allopatry (see Study 
System; Pfennig and Pfennig 2005). However, S. multiplicata females from sympatry that 
developed as omnivores when they were young would grow up not only smaller, but – 
because of the maternal effect – they would also produce mostly omnivores in the next 
generation (smaller females produce more omnivores; Fig. 4.1). This relationship 
between female size and offspring morph determination – in which smaller females 
produce mostly omnivores, which likely mature as smaller females that produce mostly 
omnivores in the next generation – could produce a self-reinforcing, epigenetic cycle that 
accelerates the evolution of character displacement and population divergence (see 
Pfennig and Martin 2009 for a more detailed discussion).  
In addition to mediating ecological divergence between populations and species, 
maternal effects may also promote the origin of complex traits. Long-standing theory 
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suggests that novel traits may often begin as environmentally initiated phenotypic change 
(Baldwin 1896; Schmalhausen 1949; Waddington 1959; West-Eberhard 2003). 
According to this theory, environmentally triggered variants (such as differential trait 
expression induced by variation in maternal investment) may, by chance, improve an 
organism’s fitness under stressful conditions (Baldwin 1896; Schmalhausen 1949; 
Badyaev 2005). If heritable variation exists among individuals in tendency to produce the 
newly favored trait, then selection should favor those alleles or gene combinations that 
best stabilize, refine, and extend the new trait’s expression (a process known as genetic 
accommodation; West-Eberhard 2003). Over evolutionary time, a trait that was initially 
triggered by the environment may either become canalized or become part of an alternate 
phenotype controlled by a developmental switch (e.g., see Gomez-Mestre and Buchholz 
2006; Suzuki and Nijhout 2006).  
The resource polymorphism found in spadefoot toads may have evolved under such a 
scenario (Ledón-Rettig et al. 2008). Rapid growth and development is critical for 
escaping the ephemeral ponds in which Spea breed (Pfennig 1990, 1992). Ancestral Spea 
tadpoles that could occasionally consume fairy shrimp would likely have experienced 
enhanced growth and development. Because they consumed the more nutritious shrimp 
resource as tadpoles, females would have reached larger body size as adults, and some 
may have produced larger eggs, resulting in larger tadpoles, which were, in turn, better 
able to capture and consume shrimp. Genetic accommodation (see above) could have 
then refined the existing variation in shrimp foraging ability to favor the evolution and 
elaboration of the distinctive carnivore phenotype. In this way, a maternal effect could 
have played a role in the evolution of a novel, complex trait. 
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Traits whose expression is mediated by a maternal effect may be especially prone to 
undergo genetic accommodation (West-Eberhard 2003, 2005; Badyaev 2008). Because 
maternal effects often impinge on many, genetically diverse, offspring, they tend to be 
tested in numerous genetic backgrounds, thereby increasing the chances of genetic 
accommodation occurring. Moreover, because they can persist across multiple 
generations (Agrawal et al. 1999; Plaistow et al. 2006), maternal effects provide more 
frequent, recurrent opportunities for genetic accommodation to occur. For example, novel 
phenotypes may often evolve as an adaptive response to variation in body size stemming 
from differential maternal investment and/or oviposition decisions. Indeed, many species 
have evolved novel specializations to variation in body size, such as carnivore/cannibal 
and omnivore/typical morphs in various larval amphibians species (Pomeroy 1981; 
Collins and Cheek 1983; Walls et al. 1993; Michimae and Wakahara 2002), benthic and 
limnetic morphs in various fish species (reviewed in Robinson and Wilson 1994; 
Skúlason et al. 1999), fighting and nonfighting male morphs in certain insect and fish 
species (reviewed in Hamilton 1979; Gross and Sargent 1985), and castes in eusocial 
species (reviewed in West-Eberhard; Linksvayer and Wade 2005). In many cases, these 
alternative morphs may have started out as environmentally induced size variants that 
subsequently evolved novel resource-use or reproductive specializations through genetic 
accommodation. Thus, again, maternal effects may promote the evolution of novel 
phenotypes.  
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FIGURE LEGENDS 
 
Figure 4.1: The relationship between maternal size (SVL) and their offspring’s time to 
eat three shrimp (ln sec) for 10 families of S. multiplicata. Shrimp foraging ability is a 
proxy for carnivore morph production, where faster shrimp eating times suggest a higher 
propensity for a tadpole to develop as a carnivore. Data points for individual offspring are 
shown. 
  
Figure 4.2: The relationship between tadpole size (SVL) and the time taken to eat three 
shrimp (ln sec) for 208 S. multiplicata tadpoles from 10 families. Shrimp foraging ability 
is a proxy for carnivore morph production, where faster shrimp eating times suggest a 
higher propensity for a tadpole to develop as a carnivore. 
 
Figure 4.3: The relationship between maternal size (SVL) and egg volume for 20 
families of S. multiplicata. Data points for individual eggs are shown.  
 
Figure 4.4: The relationship between egg volume and tadpole body size (SVL) measured 
at seven days after oviposition, for 102 S. multiplicata individuals from four families.  
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Figure 4.2 
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Figure 4.3 
 
 
 
\
 111 
Figure 4.4 
 
CHAPTER V 
CORRELATED EVOLUTION OF COMPLEX TRAITS DURING CHARACTER 
DISPLACEMENT 
 SUMMARY 
Ecological character displacement occurs when competition between species for 
shared resources imposes divergent directional selection on each species, causing them to 
diverge in traits associated with resource use. Generally, divergence is assumed to occur 
when selection acts on the same continuously varying trait in both species. Yet, selection 
might target multiple traits, and genetic correlations among traits might facilitate or 
impede character displacement depending upon whether or not these correlations are 
concordant with the direction of selection. Moreover, heterospecifics involved in the 
same instance of character displacement might differ in targets of selection. We 
investigated the targets of selection during experimentally imposed competition between 
two species of spadefoot toads. We found significant selection acting on multiple traits 
important in resource-use. Further analysis revealed that direct selection on one trait 
drove indirect selection on the other traits. We also found that the two species likely differ 
in selective targets. Identifying the targets of competitively mediated selection is crucial, 
because the nature of these targets, and correlations among them, can influence whether 
and how character displacement occurs. 
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INTRODUCTION 
Ecological character displacement occurs when competing species impose divergent 
directional selection on each other, thereby causing each to diverge from the other in 
traits associated with resource use (Grant 1972; Day and Young 2004). This process has 
long been viewed as vital in facilitating species coexistence, enhancing phenotypic 
differences between sympatric species, and even promoting speciation and adaptive 
radiation (Lack 1947; Brown and Wilson 1956; Grant 1972; Schluter 2000; Dayan and 
Simberloff 2005; Pfennig and Pfennig 2009).  
Theoretical and empirical studies of character displacement generally make the 
simplifying assumption that competitively mediated selection acts on a single, 
continuously varying trait, and that this one trait determines the range of resources that an 
individual utilizes (reviewed in Schluter 2000). Competition is assumed to be more 
intense the more similar two individuals are in this trait. Character displacement occurs 
when selection causes sympatric populations of each species to evolve different trait 
values (Fig. 5.1). Yet, because few studies have identified the targets of selection during 
character displacement, this critical assumption is seldom verified (but see Grant and 
Grant 2006; Smith and Rausher 2008a). 
Identifying the targets of competitively mediated selection is crucial, because the 
amount of standing genetic variation in those traits – and the nature of any genetic 
correlations between them – can influence whether and how character displacement 
occurs (Smith and Rausher 2008b). Indeed, because trait evolution is ultimately 
dependent on the presence of heritable variation, interspecific competition may result in 
competitive exclusion, rather than character displacement, if selection acts on a trait with 
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little genetic variation (Smith and Rausher 2008b). Moreover, if competitively mediated 
selection acts on multiple traits, genetic correlations among different traits could 
potentially facilitate or inhibit character displacement (Smith and Rausher 2008b). 
Specifically, genetic correlations between traits that are concordant with the direction of 
selection acting on each trait could increase the speed of character displacement and 
facilitate the evolution of complex resource use traits. By contrast, when such genetic 
correlations are opposed to the direction of selection, character displacement might be 
inhibited.  
Establishing the targets of selection is also important for clarifying phenotypic 
plasticity’s role in character displacement. Phenotypic plasticity might often mediate 
”facultative character displacement,” which is an evolved reaction norm for dealing with 
competition from other species (Pfennig and Murphy 2002). Even without an underlying 
genetically variable reaction norm, phenotypic plasticity might be crucial in character 
displacement. Specifically, by facilitating shifts in resource use within a single 
generation, phenotypic plasticity might delay competitive exclusion until mutation or 
recombination increase genetic variation, thereby ultimately facilitating character 
displacement (Pfennig and Pfennig 2009). At the same time, such competitively mediated 
plasticity might weaken divergent selection and attenuate further trait evolution. In short, 
identifying the targets of selection during character displacement is crucial because 
different targets can influence the speed and likelihood of character displacement 
(Pfennig and Martin 2009).  
In this study, we investigated the targets of selection during character displacement in 
a species that has undergone ecological character displacement with a heterospecific 
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competitor in natural populations. We used a population of our focal species that is 
allopatric to the heterospecific competitor and that has therefore not undergone character 
displacement itself.  Using such a population allowed us to investigate the action of 
natural selection during the initiation of character displacement.  
We specifically addressed four questions. First, does selection act on the same or 
different traits in each competing species involved in the same instance of character 
displacement? Second, does competitively mediated selection act solely on 
morphological traits, or does it also act on the ability to facultatively produce different 
traits in response to differential exposure to resources or competitors; i.e., does such 
selection act on phenotypic plasticity? Third, does competitively mediated selection act 
on a single trait or on multiple traits? Fourth, if selection acts on multiple traits, does it 
act directly or indirectly on each trait?  
 
MATERIALS AND METHODS 
Study System 
Mexican spadefoot toads, Spea multiplicata, and Plains spadefoot toads, S. bombifrons 
have undergone ecological character displacement with each other (Pfennig and Murphy 
2000, 2002, 2003; Pfennig et al. 2006, 2007; Rice et al. 2009; Pfennig and Martin 2009, 
2010). In allopatry, both species produce similar, intermediate frequencies of two larval 
ecomorphs (Pfennig and Murphy 2002): (1) an “omnivore” ecomorph that specializes on 
organic detritus at the pond bottom, with a long intestine, small jaw muscles, numerous 
denticle rows, and smooth mouthparts; and (2) a “carnivore” ecomorph with a short 
intestine, greatly enlarged jaw muscles, few denticle rows, and notched mouthparts. The 
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carnivore morph is induced by, and specializes on, anostrocan fairy shrimp (Pfennig 
1992). In sympatry, by contrast, each species tends to produce only a single resource-use 
phenotype: S. multiplicata develop mostly as omnivores, whereas S. bombifrons develop 
mostly as carnivores (Pfennig and Murphy 2000, 2002, 2003; Pfennig et al. 2006). This 
divergence in morph production reflects selection to lessen interspecific competition for 
food: laboratory experiments have shown that the intensity of competition between S. 
multiplicata and S. bombifrons increases with the similarity in resource-use between them 
and that competitively mediated selection therefore favors in each species alternative 
resource-use ecomorphs (Pfennig et al. 2007). 
Character displacement in spadefoots arises through two distinct proximate 
mechanisms. First, each species minimizes overlap in resource use by using phenotypic 
plasticity to facultatively produce an ecomorph that differs from that produced by the 
other species (facultative character displacement; Pfennig and Murphy 2002). Second, 
sympatric and allopatric populations of both species differ in morph production even 
when their tadpoles are produced and reared under common conditions (Pfennig and 
Murphy 2000, 2002; Pfennig and Rice 2007; Pfennig and Martin 2010). Specifically, 
although S. multiplicata from allopatry produce both morphs, those from sympatry 
produce mostly omnivores, even when fed shrimp. Similarly, sympatric populations of S. 
bombifrons produce more carnivores than allopatric populations when both are fed 
shrimp (Pfennig and Martin 2010). Thus, differences in morph production among 
sympatric populations appear to be canalized such that they are relatively insensitive to 
environmental influences. We therefore used this system to investigate the targets of 
selection during character displacement. 
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Does Selection Act on the Same or on Different Traits in Each Species? 
Martin and Pfennig (2009) evaluated the relationship between a composite measure of 
trophic morphology and performance on different resource types in S. multiplicata. Here, 
we use the data from that study to ask if selection likely acts on the same or on different 
traits (or sets of traits) during character displacement between the two species of Spea.  
To determine which individuals traits are important for feeding on detritus, and 
therefore are potential targets of selection during character displacement in S. 
multiplicata (the species for which competitively mediated selection favors the 
production of omnivores, the detritus specialist), we first collected soil from a dry pond 
near Portal, AZ (this soil would form the detritus on which the experimental tadpoles 
would feed) and spread this soil evenly across the bottom of nine wading pools (1.52 m 
diameter X 0.25 m tall) to a depth of approximately 1 cm (13 L of soil per pool). The 
ponds were filled to a depth of 25 cm with dechlorinated well water. We placed 13 wire 
mesh cages (20 cm diameter X 40 cm tall) into each pool (117 in total) such that the top 
of each protruded roughly 5 cm above the water level. The study subjects for this 
experiment were individual S. multiplicata collected from a single pure-species pond near 
Portal, AZ, 11 days after the pond filled with water. We selected 117 tadpoles collected 
from the pond, such that a wide range of trophic morphologies was represented. We 
measured each tadpole’s snout-vent-length (SVL), to the nearest 0.01 mm using handheld 
digital calipers, and then placed each tadpole into a wire mesh cage (one tadpole per 
cage; the entire range of trophic morphology was present in each wading pool). Four days 
later, we moved each cage within each pool to a fresh area of substrate that had not 
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previously been foraged on. We ended the experiment on day eight by sacrificing the 
tadpoles in a 0.1% aqueous solution of MS 222. Using methods described in detail 
elsewhere (Pfennig and Murphy 2002; Martin and Pfennig 2009), we measured each 
tadpole’s SVL, the width of the orbitohyoideus muscle (OH), the width of the 
interhyoideus muscle (IH), the total gut length, measured from the esophagous to the end 
of the intestine (GL), the shape of the keratinized mouthparts (MP), and the number of 
denticle rows (DR; Table 5.1). We standardized OH, IH, and GL for body size (SVL) by 
regressing the natural log of each character onto the natural log (hereafter, "ln") of SVL 
and used the resulting residuals from these regressions for our subsequent analyses. All 
regressions were significant and produced normally distributed residuals. Our measure of 
performance was growth; i.e., the change in SVL from the beginning to the end of the 
experiment.  
To determine which individual traits are important when feeding on shrimp, and 
therefore are potential targets of selection during character displacement in S. bombifrons 
(the species for which competitively mediated selection favors the production of 
carnivores, the shrimp specialist), we collected 190 S. multiplicata tadpoles from five 
different ponds (mean number of tadpoles sampled per pond: 38; range: 5–60). Before 
starting the experiment, tadpoles were kept for one day in plastic aquaria without food to 
ensure that they were equally satiated and hence motivated to prey on shrimp. To conduct 
shrimp-handling trials, we placed a single tadpole in a small, round, opaque plastic 
container (12 cm diameter X 6 cm deep) filled with 600 mL of dechlorinated tap water, 
and let it acclimate to its new surroundings for five minutes. We then placed 10 live fairy 
shrimp (15–20 mm) into the container and recorded the amount of time elapsed from the 
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moment the tadpole successfully captured a shrimp until it disappeared inside the 
tadpole’s mouth. The mean handling time of two trials for each tadpole was used as the 
measure of performance (faster shrimp handling times should be associated with higher 
fitness). Immediately after these trials, we sacrificed the subjects by immersion in tricaine 
methanesulfonate (MS 222) and used the methods described above to measure and 
standardize each tadpole’s SVL, OH, IH, MP, and DR (GL was not measured in this 
experiment).  
We then used multiple regression to estimate the effects of individual trophic traits on 
performance when feeding on detritus or shrimp. We used model selection to choose the 
traits to include in the multiple regression for each diet (Burnham and Anderson 2002; 
Appendix C). For detritus-fed tadpoles, we fit linear mixed models with the nlme 
package (R statistical software 2.9.2) with wading pool as a random effect, growth on 
detritus as the response variable, and every linear combination of IH, OH, GL, DR, and 
MP (transformed and size corrected as described previously) as separate fixed factors. We 
identified the top model as the model with the lowest AICc value (Aikaike’s information 
criteria, corrected for sample size) in our pool of candidate models (Appendix C). The 
traits in the top model were common across the subset of top models (!AICc < 2.00, see 
Appendix C). We then analyzed the top model using marginal sums-of-squares to 
estimate the effects of individual traits while accounting for the covariance between them. 
We used a similar approach to evaluate the effects of individual trophic traits on 
performance when feeding on shrimp. We fit linear models, with mean time to eat shrimp 
as the response variable and every linear combination of IH, OH, DR, and MP as separate 
fixed factors (transformed and size corrected as described previously) and performed 
 120 
model selection and analyzed the data as before (see Appendix C). 
 
Identifying the Specific Targets of Selection 
We carried out two experiments to identify the targets of selection during character 
displacement in S. multiplicata. In the first experiment, we characterized the degree of 
phenotypic variation and plasticity in trophic morphology expressed by S. multiplicata 
when raised on detritus versus fairy shrimp. In the second experiment (run concurrently 
with the first experiment and using animals from the same sibships), we measured the 
differential survival of S. multiplicata tadpoles when forced to compete with S. 
bombifrons. Using the results from these experiments, we asked three questions. First 
does competitively mediated selection act solely on morphological traits, or can it also act 
on the tendency to produce different traits in response to differential exposure to 
resources or competitors; i.e., can such selection act on plasticity? Second, does 
competitively mediated selection act on a single trait, or multiple traits? Third, if 
selection acts on multiple traits, does it act directly or indirectly on each trait?  
We used allopatric S. multiplicata tadpoles as our focal individuals, and as our 
stimulus animals S. bombifrons tadpoles from nearby populations where both Spea 
species co-occur. We collected 15 amplexed pairs of S. multiplicata from a breeding 
chorus near Portal, AZ (where S. multiplicata is the only Spea species found) and brought 
them to the nearby Southwestern Research Station where they were allowed to breed. We 
also bred two pairs of S. bombifrons.  
Four days after the eggs hatched, we randomly chose tadpoles from the 15 S. 
multiplicata families and placed groups of four sibs into tanks (28 cm X 18 cm X 10 cm) 
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filled with 6 mL of dechlorinated water. These tanks were assigned to two diet treatments 
(detritus versus fairy shrimp), each with seven replicate tanks per family. The replicates 
were randomized and interspersed with respect to family and treatment. To supply the 
detritus diet, we covered the bottom of half the tanks with 120 mL of soil collected from 
a dry pond. We fed tadpoles in the shrimp treatment (tanks lacking soil) approximately 
60 live fairy shrimp twice a day for seven days. For the last four days of the experiment, 
tadpoles in the detritus treatment were supplemented with 20 mg of crushed fish food 
once a day. Tadpoles were sacrificed by immersion in a 0.1% aqueous solution of MS 
222 on the eighth day and preserved in 95% ethanol. We later measured SVL, OH, MP, 
and DR as described previously (see above). Because GL measurements are time 
intensive, it was measured for one randomly chosen individual from each tank. We did 
not measure IH because it does not appear to be important in resource-use (see Results). 
We characterized the patterns of phenotypic variation and plasticity in trophic 
morphology, in MP, LT, GL, and OH for each family, in the two diets. We first natural log 
transformed MP, OH, and GL to reduce skew and increase normality. We then fit separate 
mixed models using the package lmer (R statistical software version 2.9.2) for DR and 
MP with diet, family and the interaction between diet and family as fixed factors and tank 
as a random effect in each model. From these models, we derived our measure of 
plasticity for each trait and family, which was the slope of the reaction norm between 
each families mean trait values on alternate diets. We did not use the same methods to 
measure plasticity for OH and GL, because separate ANCOVAs for revealed different 
allometric relationships between these traits and body size across the diet treatments (see 
Results). Thus, these traits could not be corrected for differences in body size for 
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comparison across treatments (McCoy et al. 2006). Instead, we fit separate mixed effect 
ANCOVAs for each diet treatment with ln SVL as a covariate, the interaction between ln 
SVL and family as a fixed effect, and tank as a random effect. We fit similar models for 
GL, but did not include a tank random effect because we measured GL on a single 
individual in each tank. We then extracted family means for OH and GL in each diet 
treatment. To measure plasticity in OH and GL, we converted the slopes of the interaction 
between ln SVL and family in each diet treatment into degree angles and calculated their 
difference using the formula 
! 
180" arctan #Shrimp( )[ ]
$
% 
& 
' 
' 
( 
) 
* 
* +
180" arctan #Detritus( )[ ]
$
% 
& 
' 
( 
) 
* . Thus, our 
measure of plasticity was the difference in degree angles between diet treatments, with 
greater differences indicating greater plasticity (McCoy 2007).  
To evaluate which of the previously measured traits were actually targets of 
competitively mediated selection, we ran a second experiment concurrent with the first to 
impose competition between S. bombifrons tadpoles (the stimulus species) and the 
tadpoles from the S. multiplicata sibships (the focal species) used in the above 
experiment. To begin, we set-up 210 plastic tanks (28 cm X 18 cm X 10 cm) arrayed 
across two rooms, we then covered the bottom of each tank with soil from a natural pond 
to serve as detritus (as described earlier) and filled each tank with 6 mL of dechlorinated 
water. Tanks were assigned to two treatments, each with seven replicate tanks per family: 
(1) a competition treatment, with two S. multiplicata tadpoles randomly chosen from the 
same family and two stimulus S. bombifrons tadpoles, each randomly chosen from two 
families; and (2) a control treatment with four S. multiplicata tadpoles chosen from the 
same family. The replicates were randomized and interspersed with respect to family and 
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treatment and all were supplied with detritus (provided by the soil in each tank) and 60 
live fairy shrimp twice a day. For the last four days of the experiment, we supplemented 
the detritus diet with 20 mg of crushed fish food once a day. On the eighth day, we 
sacrificed each tadpole by immersion in a 0.1% aqueous solution of MS 222 and stored 
tadpoles from each tank together in 95% ethanol.  
We calculated survival for each S. multiplicata family in each treatment. We 
specifically calculated the number of replicate tanks in which at least one S. multiplicata 
tadpole died out of the total number of replicate tanks for each family in each treatment. 
First, however, we determined the species identity of each surviving tadpole in the 
competition treatment tanks. To do so, we amplified a 663 bp portion of the 
mitochondrial gene cytochrome b (using previously published sequences from each 
species (Rice and Pfennig 2008)) and developed a restriction enzyme digest (ACC1) to 
discriminate tadpoles from the two species on the basis of DNA banding patterns when 
run out on an agarose gel by electrophoresis. 
Next, we individually regressed the trait means from both diets and our estimates of 
plasticity for MP, OH and GL for each family onto survival to estimate total selection 
acting on each trait (see Lande and Arnold 1983). We additionally used a model selection 
approach to ask which traits or combination of traits best predicted the survival of S. 
multiplicata in competition with S. bombifrons. Finally, for those traits in which the 
regression analysis revealed significant selection differentials, and for those traits 
identified as informative by model selection, we used multiple regression to account for 
phenotypic correlation between the traits and estimate direct selection (selection 
gradients) on each trait (Lande and Arnold 1983). We did not include separate measures 
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of DR from each diet treatment or plasticity of DR across diet treatments in any model. 
Instead, we used a single mean DR for each family, averaged across the diet treatments. 
This is because family means of DR from the detritus and shrimp diets were tightly 
correlated and collinear (r = 0.90, n = 15, P < 0.0001) and because we found no evidence 
for variation in plasticity in DR (see Results). 
We estimated selection differentials, measuring total selection on each trait from both 
diet treatments by fitting separate generalized linear models (GLM, R statistical software 
2.9.2) between the response of survival for each S. multiplicata family in the competition 
treatment and each independent variable as described above. Because we scored each 
family’s probability of survival as a binary response (each replicate tank was scored as 
either zero if at least one tadpole died before the end of the experiment or one if all 
tadpoles survived), we used a binomial distribution with a probit link function. We asked 
if the traits identified as experiencing selection in the competition treatment (Table 5.3) 
were not under selection in the control treatment. Finding that selection acted on these 
traits in the competition treatment, but not the control treatment, would suggest that 
competition with S. bombifrons – and not some other, unmeasured factor – caused 
selection on these traits. Therefore, we estimated selection differentials for the traits DR, 
OH and MP (the latter two from the detritus diet). We fit separate GLMs with a binomial 
distribution and a probit link function for each trait. Our response variable was survival 
for each S. multiplicata family in the control treatment. The same methods were use to 
measure survival in the control treatment and competition treatments. 
We fit generalized linear models (GLM, R statistical software 2.9.2) between the 
response of survival for each S. multiplicata family in the competition treatment and 
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every linear combination of the trait means from both diets and our estimates of plasticity 
for MP, OH and GL for each family, again using a binomial distribution with a probit link 
function. We evaluated the pool of candidate models using AICc and identified the top 
models by information criteria methods (!AICc < 2.00, see Appendix C; Burnham and 
Anderson 2002). 
Finally, we estimated direct and indirect selection on the subset of traits with 
significant selection differentials in the competition treatment (see Table 5.3) and GL 
measured in the detritus treatment, because this trait had a very high relative importance 
value in our model selection approach. To do so, we fit a multiple regression using a 
GLM (R statistical software 2.9.2) with survival for each S. multiplicata family as the 
response and, as fixed effects, DR, OH, MP, and GL (the latter three from the detritus 
diet; Table 5.1). As before, we used a binomial distribution with a probit link function. 
We fit the terms simultaneously to account for correlation between the independent 
variables.  
 
RESULTS 
Does Selection Act on the Same or on Different Traits in Each Species? 
Our results indicate that competitively mediated selection likely favors different sets of 
traits in each of the two competing species. In particular, different traits were favored 
when S. multiplicata tadpoles utilized detritus as opposed to shrimp.  
When tadpoles were forced to feed on detritus, our model selection procedure 
revealed that the strongest predictors of performance were DR, OH and GL, (Appendix 
C). MP and IH did not appear in our top model and were non-significant in the subset of 
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top models in which they appeared. An analysis of the top model with marginal sums-of-
squares revealed that DR, OH and GL each significantly explained performance on 
detritus when controlling for the covariance between them. Specifically, tadpoles with a 
greater number of DR, relatively smaller OH muscles, and relatively longer GL achieved 
higher growth on detritus (Table 5.2). 
When tadpoles were forced to feed shrimp, by contrast, the strongest predictors of 
performance were MP and OH (Appendix C). DR, and IH did not appear in our top 
model and were non-significant in the subset of top models in which they appeared. An 
analysis of the top model with marginal sums-of-squares revealed that MP, and OH, each 
significantly explained performance on detritus when controlling for covariance between 
them. Specifically, tadpoles with larger MP scores and relatively larger OH muscles had 
faster handling times when foraging for fairy shrimp (Table 5.2). 
Because different traits were favored when tadpoles were fed detritus as opposed to 
shrimp, different traits are likely targeted in S. multiplicata (the species that becomes the 
detritus specialist and that produces mostly omnivores) than in S. bombifrons (the species 
that becomes the shrimp specialist and that produces mostly carnivores; see Study 
System). 
 
Identifying the Specific Targets of Selection 
Families varied in morphology and plasticity in some traits (but not all traits) across 
different diet treatments. Therefore, competitively mediated selection could potentially 
act on both morphology and plasticity in our competition experiment. Specifically, 
tadpoles reared on shrimp expressed a greater number of DR compared to tadpoles reared 
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on detritus (F1,180 = 9.64, P = 0.002), suggesting that there was diet-induced plasticity for 
DR. Additionally, families differed in mean number of DR expressed across both diets 
(F14,180 = 18.93, P < 0.0001). However, the interaction between diet and family was not 
significant, suggesting that there was not significant family variation in plasticity across 
diets (F14,180 = 1.05, P = 0.409).  
Tadpoles reared on shrimp expressed more carnivore-like MP compared to tadpoles 
reared on detritus (F1,180 = 158.44, P < 0.0001), suggesting that there was also diet-
induced plasticity for MP. As with DR, families differed in mean MP score expressed 
across both diets (F14,180 = 2.46, P = 0.003). Unlike with DR, the interaction between diet 
and family was significant for MP, suggesting that there was significant family variation 
in plasticity in MP across diets (F14,180 = 2.49, P = 0.003).  
The allometry of OH differed between the detritus and shrimp treatments (F1,614 = 
34.63, P < 0.0001). Specifically, the slope of the relationship between OH and SVL was 
steeper in the shrimp diet. We therefore evaluated variation in size corrected OH 
separately in each diet treatment. Families did not significantly differ in size corrected 
mean OH in either the detritus (F14,90 = 0.722, P = 0.747), or shrimp diets (F14,90 = 1.18, P 
= 0.307).  
The allometry of GL differed between the detritus and shrimp treatments (F1,614 = 
4.24, P = 0.04). Specifically, the slope of the relationship between GL and SVL was less 
steep in the shrimp diet. We therefore evaluated variation in size corrected GL separately 
in each diet treatment. Families did not significantly differ in size corrected mean GL in 
the detritus treatment (F14,75 = 1.20, P = 0.292), but did in the shrimp diet (F14,75 = 3.88, P 
< 0.0001).  
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In our competition experiment, interspecific competition was a significant source of 
mortality. Specifically, mortality of S. multiplicata (assessed per tank) was more than 
twice as high in the competition treatment (14%), when compared to the control 
treatment (6%). We did not observe any cannibalism in the experiment, suggesting that 
the differences in survival were driven by competition with S. bombifrons and that 
interspecific competition was therefore more intense than intraspecific competition.   
Our estimates of total selection (i.e. selection differentials) show evidence for 
selection on three traits: DR, MP (measured from the detritus treatment), and OH 
(measured from the detritus treatment; Table 5.3). Specifically, families with greater 
mean DR experienced greater survival in the competition treatment than families with 
lower mean DR (Table 5.3). MP displayed the opposite pattern: families with smaller 
mean MP scores on the detritus diet experienced greater survival in the competition 
treatment than families with higher mean MP on the detritus diet (Table 5.3). 
Surprisingly, families with larger mean OH widths on the detritus diet experienced 
greater survival in the competition treatment than families with smaller mean OH widths 
on the detritus diet (Table 5.3). This result was unexpected, because (1) larger OH widths 
are found in carnivore-like tadpoles while a greater number of DR and lower MP scores 
are found in omnivore-like tadpoles, and (2) tadpoles with smaller OH had higher 
performance when fed only detritus (Table 5.2). In contrast, DR (Deviance1.13 = 0.67, 
Residual deviance = 25.29, P = 0.203), MP in the detritus treatment (Deviance1.13 = 1.62, 
Residual deviance = 26.24, P = 0.415) and OH in the detritus treatment (Deviance1.13 = 
0.05, Residual deviance = 26.86, P = 0.831) did not have significant selection 
differentials in the control treatment, suggesting that selection on these traits was caused 
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by competition with S. bombifrons. 
 Using a model selection technique however, we found that a model with DR alone 
best predicted survival of S. multiplicata in competition with S. bombifrons (Appendix 
C). In addition, a model containing DR and GL (measured in the detritus treatment) also 
had strong predictive power (Appendix C).  
Finally, a multiple regression with OH, MP, GL (all measured in the detritus 
treatment) and DR revealed significant selection acting only on DR (Table 5.4). DR and 
OH (in the detritus treatment) and DR and GL (in the detritus treatment) were significant 
positive correlated (Table 5.5), and DR and MP marginally non-significantly correlated 
(P = 0.07, Table 5.5). The correlations between these traits (Table 5.5) the result from our 
model selection (Appendix C), and the multiple regression (Table 5.4) suggest that direct 
selection on DR drove indirect selection on OH and MP and contributed to a non-
significant trend between GL and survival (Table 5.3).  
 
DISCUSSION 
Despite character displacement’s longstanding importance (Lack 1947; Brown and 
Wilson 1956; Grant 1972; Schluter 2000; Dayan and Simberloff 2005; Pfennig and 
Pfennig 2009), few studies have investigated the targets of selection during character 
displacement. Yet, identifying these targets is crucial. This is because whether and how 
character displacement evolves ultimately depends on the nature of these traits (e.g., 
whether they are morphological or developmental), the variation in them (e.g., whether or 
not the traits show underlying heritable variation), and the correlations among them (e.g., 
whether or not genetic correlations are concordant with the direction of selection acting 
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on each trait; Smith and Rausher 2008b, Pfennig and Pfennig 2009). Here, we 
investigated the targets of selection during character displacement between two species of 
spadefoot toads. 
We first asked if selection acts on the same or on different traits in each of the two 
species, and we found that selection likely targets a different set of traits in each species. 
In particular, different morphological traits contributed to performance when tadpoles 
were fed detritus as opposed to shrimp (Table 5.2). Specifically, feeding on detritus 
favored tadpoles with more DR, smaller OH muscles, and longer GL (Table 5.2; for an 
explanation of these traits, see Table 5.1). By contrast, feeding on shrimp favored 
tadpoles with larger MP and larger OH muscles (Table 5.2). Because different traits were 
favored for feeding on detritus as opposed to shrimp, we conclude that different traits are 
likely targeted in S. multiplicata (the species that becomes the detritus specialist and that 
produces mostly omnivores) than in S. bombifrons (the species that becomes the shrimp 
specialist and that produces mostly carnivores; see Study System). Generally, 
interspecific competition might often favor different traits in each of two competing 
species, especially when interspecific competition causes them to utilize dissimilar 
resources. 
We also evaluated the types and number of traits under selection when S. multiplicata 
experience interspecific competition. We first asked whether competitively mediated 
selection acts solely on morphology or whether it also acts on phenotypic plasticity. 
Although we anticipated that plasticity might be a target of selection based on previous 
studies (Pfennig and Murphy 2002), we found no evidence that selection targets plasticity 
(Table 5.3). 
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Why was plasticity not a target of selection given that sympatric populations of S. 
multiplicata have evolved reduced plasticity relative allopatric populations (Pfennig and 
Murphy 2002)? One possibility is that once only a single morph is expressed in response 
to interspecific competition, alleles that regulate expression of the unexpressed 
(“hidden”) morph are at greater risk of chance loss through drift or mutation (West-
Eberhard 1989). In this way, plasticity might evolve (i.e., it might be lost), even though 
selection does not act on it directly.  
Given that selection for character displacement in Spea acts on morphological traits, 
does it target a single trait or multiple traits? If the latter, does selection act directly or 
indirectly on each trait? Although competitively mediated selection did indeed act on 
multiple traits (Table 5.3), only a single trait, DR, was a target of direct selection. Direct 
selection on DR appears to have driven indirect selection (Table 5.4) on other correlated 
traits (Table 5.5). Specifically, our estimates of total selection (i.e., the sum of direct and 
indirect selection acting on a trait; sensu Conner 1988) revealed significant selection for 
greater numbers of DR and (from tadpoles reared in the detritus treatment), smaller MP 
scores, and larger OH muscles (Table 5.3). A model selection approach suggested that 
both DR and GL (from tadpoles reared in the detritus treatment) best predicted S. 
multiplicata survival when experiencing competition from S. bombifrons. Further 
analysis revealed, however, that direct selection on DR drove indirect selection on the 
other traits (Table 5.4). Expressing more DR likely increased survival because greater 
numbers of DR increase grazing efficiency (Venesky et al. 2010; Table 5.1) and growth 
on detritus (Table 5.2).  
That competitively mediated selection acts on correlated traits has implications for 
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the speed and direction of evolution during character displacement. For example, our 
finding that competitively mediated selection favored larger OH muscles in S. 
multiplicata contrasted with our a priori prediction; we predicted that such selection 
would favor smaller OH muscles in S. multiplicata. This prediction was based on our 
understanding of the functional morphology of this muscle (Table 5.1) as well as the 
prior observation that S. multiplicata evolve to become more omnivore-like (i.e., have 
smaller OH muscles) when experiencing competition from S. bombifrons (Pfennig and 
Murphy 2000, 2002). This discrepancy between our a priori prediction and our results 
likely occurred because the phenotypic variation between OH and DR was positively 
correlated, which caused selection on DR to drive indirect selection for larger OH 
muscles (Table 5.5). It is possible that if a population with such a correlation were to 
experience competition from S. bombifrons, character displacement might evolve more 
slowly or even be less likely to evolve in the first place. Generally, because the first 
contact between competing species is seldom observed, the effect on the evolution of 
character displacement of selection on correlated traits is largely unknown.  
In conclusion, identifying the targets of character displacement is crucial because the 
types of traits under selection, the amount of genetic variation in them, and their 
underlying genetic architecture can influence whether and how character displacement 
occurs (Smith and Rausher 2008b; Pfennig and Pfennig 2009). Moreover, because 
character displacement often occurs independently in separate populations (Schluter and 
McPhail 1992; Rice et al. 2009; Adams 2010), character displacement could potentially 
unfold differently in different populations, thereby further contributing to diversity. 
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Table 5.1: Traits hypothesized to be selective targets during character displacement in 
Spea. 
 
 
 
Trait 
 
 
Trait 
abbreviation 
 
 
Trait function 
Evidence for 
trait’s role in 
character 
displacement 
Orbitohyoideus 
muscle 
OH used to open mouth cavity; larger 
muscle favored when feeding on 
larger prey 
Pfennig and 
Murphy 2002 
Interhyoideus 
muscle 
IH  used to close mouth cavity; larger 
muscle favored when feeding on 
larger prey 
Pfennig and 
Murphy 2002 
Keratinized 
mouthparts 
MP used to grasp prey; larger, more 
serrated mouthparts favored when 
feeding on larger prey 
Pfennig and 
Murphy 2002 
Gut length GL used to 
digest food; longer gut length favored 
when feeding on low nutritive-quality 
diet 
Pfennig and 
Murphy 2002 
Denticle rows DR used to rasp food off surfaces; more 
denticle rows favored when feeding 
on smaller prey 
Martin and 
Pfennig 2009 
Plasticity 
(tendency to 
express 
alternative, diet-
induced morphs) 
__ __ Pfennig and 
Murphy 2002 
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Table 5.2: Morphological traits that contribute toward performance when feeding on 
detritus versus shrimp.  
 
Diet Parameter DF !  (S.E.) F! P > F!
Detritus       
 LT 1,89  0.03 (0.01) 9.36 0.003 
 OH 1,89 -0.41 (0.14) 8.56 0.004 
 GL 1,89  0.14 (0.06) 4.77 0.03 
Shrimp      
 MP 1,178   22.41 (6.75) 11.90 < 0.0001 
 OH  1,178  160.34 (50.21) 17.83 < 0.0001 
 
Note: Significance is indicated by bold face type. See table 1 for a key to trait 
abbreviations. 
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Table 5.3: Selection differentials of morphological traits from individual regressions on 
survival of S. multiplicata tadpoles experiencing competition from S. bombifrons. 
 
Trait AICc Df  Deviance Residual 
Df 
Residual 
Deviance 
S (S.E.) [P(>|!
2
 |)]!
DR 34.55 14 15.44 13 12.16  1.42 (0.38) 0.0001 
MP
d 
44.09 14 5.90 13 21.70 -19.90 (7.91) 0.015 
MP
s
 49.99 14 < 0.01 13 27.60  0.13 (4.87) 0.979 
MP
p
 48.32 14 1.67 13 25.93  5.65 (4.45) 0.196 
OH
d 
39.31 14 10.68 13 16.92  50.77 (16.98) 0.001 
OH
s 
49.99 14 < 0.01 13 27.60 -0.18 (10.05) 0.986 
OH
p 
49.96 14 0.03 13 27.57 -0.01 (0.04) 0.867 
GL
d 
46.22 14 1.71 13 25.89  2.43 (1.96) 0.192 
GL
s 
49.46 14 0.525 13 27.08  1.83 (2.54) 0.470 
GL
p 
48.58 14 1.41 13 27.48 -0.01 (0.02) 0.235 
 
Note: Selection differentials (S) are estimated from separate regressions on survival of S. 
multiplicata tadpoles, in competition with S. bombifrons. Significance is indicated by 
bold face type. See table 1 for a key to trait abbreviations. 
d. family means from detritus diet  
s. family means from fairy shrimp diet 
p. family plasticity 
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Table 5.4: Selection gradients of morphological traits from a multiple regression on 
survival of S. multiplicata tadpoles experiencing competition from S. bombifrons.  
 
Trait Df  Likelihood 
Ratio 
! (S.E.) [P(>|!
2
 |)] 
DR 1 5.78  1.13 (0.49) 0.016 
MP
d 
1 0.55 -4.6 (6.34) 0.458 
OH
d
 1 0.113  -4.45 (13.11) 0.737 
GL
d
 1 2.79  -4.85 (2.97) 0.095 
 
Note: Significance is indicated by bold face type. See table 1 for a key to trait 
abbreviations. 
d. family means from detritus diet  
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Table 5.5: Pearson correlation coefficients from pairs of morphological traits measured 
from 15 S. multiplicata families.  
 
 DR MP
d
 OH
d
 
GL
d
 0.58 -0.60 0.08 
OH
d
 0.64 -0.19  
MP
d
 -0.48   
 
Note: Significance at the 0.05 level is indicated by bold face type. See table 1 for a key to 
trait abbreviations. 
d. family means from detritus diet  
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FIGURE LEGENDS 
 
 
Figure 5.1: How character displacement is generally assumed to work. Initially (upper 
panel), two species encounter each other and overlap in a single, continuously varying 
trait, which determines the range of resources that an individual utilizes (indicated here 
by the two overlapping bell-shaped curves). Character displacement arises when 
individuals most dissimilar from the average trait value of another species are able to 
acquire more resources than other members of their population. Consequently, (lower 
panel) the most divergent individuals will experience highest fitness and the two species 
will evolve to be less like the other. Character displacement occurs when the difference 
between species in mean trait value is greater after selection (dA) than before selection 
(dB). Modified from Pfennig and Pfennig (2009). 
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Figure 5.1 
 
 
 
 
 
 
 
CHAPTER VI 
CONCLUSIONS 
 Trait evolution mediated by selection to minimize resource competition – what 
Darwin named divergence of character – has a long history in evolutionary biology 
(Darwin 1859). Field and experimental evidence, accumulated since Darwin first 
proposed the idea, make clear that resource competition is an important force for 
generating biological diversity (for reviews, Schluter 2000; Dayan and Simberloff 2005; 
Pfennig and Pfennig 2009). However, our current level of understanding raises many, 
new, interesting questions concerning both the causes and consequences of character 
displacement (Pfennig and Pfennig 2009). The research I have conducted in my 
dissertation addresses several questions, while suggesting future lines of inquiry that may 
further our understanding of ecological character displacement. 
 In Chapter II, I document disruptive selection acting on trophic morphology in natural 
populations of spadefoot toad tadpoles (S. multiplicata). While disruptive selection has 
long been thought to drive divergence within populations (i.e. “intraspecific character 
displacement”), it was also believed to be rare (Bolnick 2004). Furthermore, I 
demonstrated that this disruptive selection was likely caused by ecological specialization 
and resource competition. Because ecological specialization and competition are common 
in nature (Schluter 2000), my research suggests that disruptive selection may be a more
! "#$!
common force contributing to evolutionary divergence than is currently recognized 
(Reviewed in Rueffler et al. 2006). 
 The possibility that disruptive selection is more common than generally thought 
opens several new avenues of research. First, it raises the question: what are the 
consequences of widespread disruptive selection in natural populations (Rueffler et al. 
2006)? In Chapter III, I examine, one possible consequence of disruptive selection, the 
expression and evolution of resource polymorphism. I further discuss that disruptive 
selection is unlikely to lead to stable evolutionary divergence without the accompanying 
evolution of reproductive isolation between diverging lineages. Additionally, the 
evolution of reproductive isolation may be more likely in cases where diverging lineages 
occupy separate niches (Ripa 2009). For example, when disruptive selection is driven by 
ecological specialization for bimodally distributed resources. In Chapter III, I show that 
disruptive selection alone is likely not sufficient for the evolution of resource 
polymorphism (i.e. intraspecific character displacement). Indeed, my results suggest that 
intraspecific divergence may require ecological opportunity, in the form of diverse 
available resources, and intraspecific competition. Therefore, my research supports the 
widespread observation that alternative resource-use morphs occur most commonly in 
habitats where interspecific competition is relaxed, such as depauperate glacial and 
volcanic lakes, which leads to increased ecological opportunity (Smith and Skúlason 
1996).  
The fact that an experimental decrease in the range of resources available did not 
cause greater bimodality in trophic morphology, whereas an increase in the density of 
conspecifics did, raises an interesting question for the relative importance of exploitative 
! "#$!
versus interference competition, in the evolution of intraspecific character displacement. 
Generally, the relative contributions of exploitative versus interference competition to the 
evolution of resource polymorphism are largely unknown, and remain a potentially 
productive area of research.  
While the ultimate causes of character displacement are well known, surprisingly 
little is known about the proximate mechanisms underlying inter and intraspecific 
character displacement. In Chapter IV, I show that maternal investment in offspring egg 
size influences the induction of resource polymorphism in S. multiplicata tadpoles. In 
addition, my research provides additional support that a condition dependent maternal 
effect mediates interspecific character displacement in spadefoot toads (Pfennig and 
Martin 2009). Given that the evolution of character displacement is often associated with 
the expansion of populations into novel environments (Rice and Pfennig 2008), and with 
encountering novel competitors, the role of environmental effects in the earliest stages of 
character displacement might be much more widespread and important than is currently 
believed (Pfennig and Martin 2009, 2010). Future research then, should attempt to better 
understand the proximate basis of character displacement in other systems.  
 Which particular traits experience selection during character displacement can 
influence whether and how character displacement occurs. However, few studies identify 
the targets of selection during character displacement. In Chapter V, I address this 
problem by evaluating the targets of selection on S. multiplicata imposed by 
experimentally imposed competition with a heterospecific competitor. I found, that 
selection on a single trait drove correlated selection on additional traits in S. multiplicata 
tadpoles. This finding raises the question of how the genetic architecture of the traits 
! "#$!
under selection affects the evolution of character displacement (Smith and Rausher 
2008). For example, if populations of the same species differ in their underlying genetic 
architecture, character displacement could unfold differently in each population. In 
addition, my results suggested that selection might directly act on different traits between 
species during the same instance of character displacement. Therefore, character 
displacement could make a greater contribution to the evolution of biological diversity 
than is currently appreciated.  
In conclusion, my research suggests that, 1) Disruptive selection, and thus 
intraspecific character displacement may be more common than previously thought; 2) 
The existence of ecological opportunity, as well as competition, may be critical for 
character displacement to occur; 3) Environmental effects, especially maternal effects, 
may be important in the evolution of resource polymorphism, and, in general in the 
evolution of novel traits; and 4) Selection on correlated traits may often occur during 
character displacement, and that selection may act on different traits between species 
during the same instance of character displacement. My research has addressed questions 
regarding both the proximate and ultimate causes of character displacement. The findings 
of this work will hopefully spur future lines of inquiry into the causes and consequences 
of character displacement, and a better understanding of the origins of biological 
diversity.    
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APPENDIX A 
CHAPTER II SUPPLEMENTAL RESULTS 
Table A1: Test for the effect of competitor density on the mode and strength of selection 
on trophic morphology in experimental pools. 
 
Density Pool N 
Pr. 
survival 
Range 
(PC1) 
Fitness 
measure 
Term 
Selection 
gradient 
(!/") 
SE/2SE P AIC 
Low 4 130 .75 
-4.13- 
3.75 
ln mass PC1 .028 .028 .02 -217 
      PC1
2 
.102 .026 .001 -229 
  130   ln svl PC1 .026 .009 .004 -517 
      PC1
2
 .04 .008 <.001 -537 
  130   
Gosner 
stage 
PC1 -.084 .092 .363 94 
      PC1
2
 .122 .092 .187 94 
Low 5 169 .94 
-3.89- 
3.99 
ln mass PC1 .19 .025 <.001 -308 
      PC1
2
 .17 .02 <.001 -364 
  169   ln svl PC1 .065 .008 <.001 -680 
      PC1
2
 .056 .006 <.001 -732 
! "#$!
  169   
Gosner 
stage 
PC1 .224 .072 .002 54 
      PC1
2
 .385 .065 <.001 24 
Low 12 181 1 
-2.75- 
5.38 
ln mass PC1 .094 .028 .011 -297 
      PC1
2
 .088 .032 .001 -303 
  183   ln svl PC1 .041 .009 <.001 -732 
      PC1
2
 .034 .01 .001 -743 
  183   
Gosner 
stage 
PC1 .125 .087 .149 110 
      PC1
2
 .214 .987 .031 108 
Low 13 177 .98 
-2.23- 
4.87 
ln mass PC1 .09 .022 <.001 -317 
      PC1
2
 .128 .02 <.001 -356 
  177   ln  svl PC1 .035 .007 <.001 -709 
      PC1
2
 .044 .006 <.001 -750 
  177   
Gosner 
stage 
PC1 .079 .074 .293 118 
      PC1
2
 .332 .068 <.001 98 
Low 20 173 .98 
-4.42- 
4.27 
ln mass PC1 .158 .019 <.001 -372 
! "#"!
      PC1
2
 .09 .022 <.001 -388 
  176   ln svl PC1 .05 .006 <.001 -800 
      PC1
2
 .04 .006 <.001 -838 
  176   
Gosner 
stage 
PC1 .291 .041 <.001 -99 
      PC1
2
 .163 .047 .007 -109 
Low 21 140 .78 
-3.37- 
4.97 
ln mass PC1 .092 .03 .003 -181 
      PC1
2
 .136 .03 <.001 -198 
  141   ln svl PC1 .033 .01 .001 -492 
      PC1
2
 .046 .01 <.001 -511 
  141   
Gosner 
stage 
PC1 .058 .076 .444 72 
      PC1
2
 .238 .08 .003 65 
High 3 496 .75 
-2.00- 
6.04 
ln mass PC1 .186 .021 <.001 -546 
      PC1
2
 .132 .014 <.001 -638 
  500   ln svl PC1 .065 .006 <.001 -1719 
      PC1
2
 .042 .004 <.001 -1822 
  500   
Gosner 
stage 
PC1 .752 .088 <.001 895 
! "#$!
      PC1
2
 .362 .058 <.001 859 
High 6 490 .75 
-2.05- 
4.94 
ln mass PC1 .174 .025 <.001 -438 
      PC1
2
 .224 .018 <.001 -579 
  498   ln svl PC1 .059 .007 <.001 -1652 
      PC1
2
 .07 .06 <.001 -1821 
  500   
Gosner 
stage 
PC1 .705 .078 <.001 720 
      PC1
2
 .553 .059 <.001 640 
High 11 498 .63 
-1.39- 
4.64 
ln mass PC1 .21 .025 <.001 -454 
      PC1
2
 .26 .018 <.001 -614 
  498   ln svl PC1 .071 .008 <.001 -1548 
      PC1
2
 .086 .006 <.001 -1711 
  500   
Gosner 
stage 
PC1 .765 .084 <.001 776 
      PC1
2
 .729 .066 <.001 669 
High 14 495 .63 
-1.49- 
5.69 
ln mass PC1 .23 .026 <.001 -330 
      PC1
2
 .17 .016 <.001 -437 
  500   ln svl PC1 .082 .008 <.001 -1468 
! "#$!
      PC1
2
 .058 .004 <.001 -1589 
  500   
Gosner 
stage 
PC1 .843 .085 <.001 863 
      PC1
2
 .452 .053 <.001 797 
High 19 497 .63 
-1.20- 
5.02 
ln mass PC1 .159 .026 <.001 -354 
      PC1
2
 .24 .016 <.001 -521 
  500   ln svl PC1 .062 .008 <.001 -1472 
      PC1
2
 .082 .006 <.001 
-
1661* 
  499   
Gosner 
stage 
PC1 .632 .083 <.001 820 
      PC1
2
 .757 .055 <.001 658 
High 22 493 .77 
-1.45- 
5.25 
ln mass PC1 .141 .024 <.001 -415 
      PC1
2
 .196 .014 <.001 -573 
  494   ln svl PC1 .049 .008 <.001 -1552 
      PC1
2
 .064 .004 <.001 -1719 
  500   
Gosner 
stage 
PC1 .488 .076 <.001 720 
      PC1
2
 .557 .047 <.001 596 
 
! "#$!
Note: PC1 is a composite shape variable that measures trophic morphology. The fitness 
measures, sample size and regression terms are given for each pool, along with the 
estimated selection gradient for each term, its standard error (SE), probability of rejecting 
the null hypothesis that the estimated coefficient is zero, and the Akaike information 
criterion (AIC). In addition, the proportion of tadpoles surviving at the end of the 
experiment is given for each pool and the range of trophic morphology, standardized 
across all pools, is given for each pool (phenotypic range).  For quadratic regressions 
positive selection gradients signify disruptive selection, and the regression coefficient (!) 
is doubled to calculate the selection gradient (2!) and the associated standard error (SE) is 
also doubled.  Bold type signify models with the best fit (i.e., the model with the lowest 
AIC value. 
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APPENDIX B 
CHAPTER III SUPPLEMENTAL RESULTS 
Table B1: Estimates of conspecific density, ecological opportunity and the expression of 
resource polymorphism in natural ponds.  
Pond 
Sample 
size 
Conspecific 
density 
Shrimp 
density 
  Detritus 
availability Divergence  Bimodality 
M.L. 
!AICc 
B. 
!AICc 
AZ0601 258 2 2 2 2.771 .988 288 303 
AZ0602 134 1 2 2 2.319 .940 24 32 
AZ0603 124 0 1 2 2.378 .911 31 27 
AZ0604 84 1 2 1 2.484 .988 41 44 
AZ0605 176 2 1 1 2.223 .983 86 86 
AZ0607 102 1 0 1 1.568 .980 -4 7 
NM0608 157 2 1 2 2.387 .981 79 80 
AZ0706 167 0 1 2 1.697 .890 11 1 
AZ0710 102 
2 0 2 2.182 .960 
35 
36 
AZ0801 99 
0 1 2 1.660 .949 
10 
17 
AZ0802 150 
1 1 2 2.294 .953 
99 
92 
AZ0810 213 
2 1 2 2.359 .981 
150 
152 
AZ0812 188 1 1 1 2.923 .963 82 84 
AZ0813 135 1 1 2 2.005 .926 13 12 
! "#$!
AZ0902 211 2 2 2 2.929 .995 338 331 
 
Note: Divergence and bimodality are measures of resource polymorphism.  Divergence is 
a measure of the distance between modes of the fitted maximum likelihood mixture 
models for each pond.  Our degree of bimodality was one minus the proportion of values 
falling between the two modes of trophic morphology, fit by maximum likelihood, in 
each pond.  Conspecific density score is an estimate of competition, shrimp density, 
detritus density, and  % vegetation are measures of resource availability.  Ecological 
opportunity score is a composite score of the amount of ecological opportunity.  Greater 
expression of resource polymorphism is indicated by greater divergence and larger values 
of bimodality.  M.L. !AICc is the difference between the single normal distribution and 
the mixture of two normal distributions fit using maximum likelihood.  B. !AICc is the 
difference between the single normal distribution and the mixture of two normal 
distributions fit using Bayesian methods. !AICc greater than four suggest more support 
for the fit of a mixture model than the fit of a single normal distribution, while !AICc 
between negative four and four suggest equivalent support for the fit of the mixture 
models and single normal distribution and !AICc below negative four suggest more 
support for the fit of a single normal distribution. 
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Table B2: The mode and strength of selection on trophic morphology in experimental 
pools.   
Pool 
Density 
treatment 
Resource 
treatment 
Fitness 
measure 
Regression 
term 
Selection 
gradient 
(!/") SE/2SE P AICc 
1 H R ln svl PC1 .065 .007 <.0001 -293 
    PC1
2
 .042 .0026 <.0001 -396 
   Gosner stage PC1 .784 .108 <.0001 2498 
    PC1
2
 .362 .216 <.0001 2474 
2 H R ln svl PC1 .059 .007 <.0001 -235 
    PC1
2
 .066 .004 <.0001 -403 
   Gosner stage PC1 .752 .009 <.0001 2265 
    PC1
2
 .612 .054 <.0001 2216 
3 H R ln svl PC1 .064 .008 <.0001 -108 
    PC1
2
 .076 .004 <.0001 -258 
   Gosner stage PC1 .727 .083 <.0001 2192 
    PC1
2
 .724 .05 <.0001 2088 
4 H R ln svl PC1 .094 .008 <.0001 -68 
    PC1
2
 .058 .004 <.0001 -164 
   Gosner stage PC1 .912 .088 <.0001 2266 
! "#$!
    PC1
2
 .516 .038 <.0001 2212 
5 H R ln svl PC1 .059 .009 <.0001 -51 
    PC1
2
 .076 .004 <.0001 -206 
   Gosner stage PC1 .582 .09 <.0001 2317 
    PC1
2
 .722 .054 <.0001 2207 
6 H R ln svl PC1 .049 .008 <.0001 -149 
    PC1
2
 .058 .004 <.0001 -308 
   Gosner stage PC1 .483 .076 <.0001 2114 
    PC1
2
 .534 .038 <.0001 1990 
7 H P ln svl PC1 .065 .013 <.0001 95 
    PC1
2
 .136 .01 <.0001 -22 
   Gosner stage PC1 .954 .111 <.0001 1475 
    PC1
2
 1.296 .09 <.0001 1380 
8 H P ln svl PC1 .056 .015 .0001 71 
    PC1
2
 .12 .014 <.0001 12 
   Gosner stage PC1 .378 .16 .0186 1214 
    PC1
2
 .96 .15 <.0001 1181 
9 H P ln svl PC1 .048 .012 <.0001 81 
    PC1
2
 .11 .01 <.0001 -29 
! "#$!
   Gosner stage PC1 .438 .144 <.0001 1707 
    PC1
2
 1.022 1.13 <.0001 1643 
10 H P ln svl PC1 .1 .016 <.0001 70 
    PC1
2
 .104 .012 <.0001 49 
   Gosner stage PC1 .86 .164 <.0001 1013 
    PC1
2
 .896 .132 <.0001 997 
11 H P ln svl PC1 .063 .014 <.0001 90 
    PC1
2
 .102 .012 <.0001 32 
   Gosner stage PC1 .529 .138 .0002 1454 
    PC1
2
 .864 .112 <.0001 1415 
12 H P ln svl PC1 .063 .013 <.0001 105 
    PC1
2
 .128 .012 <.0001 26 
   Gosner stage PC1 .52 .124 <.0001 1455 
    PC1
2
 1.116 .11 <.0001 1385 
13 L R ln svl PC1 .029 .009 .004 -146 
    PC1
2
 .04 .006 <.0001 -168 
   Gosner stage PC1 .084 .092 .364 465 
    PC1
2
 .044    .076 .565 465 
14 L R ln svl PC1 .065 .008 <.0001 -199 
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    PC1
2
 .07 .006 <.0001 -236 
   Gosner stage PC1 .224 .072 .002 536 
    PC1
2
 .193 .028 <.0001 504 
15 L R ln svl PC1 .041 .009 <.0001 -214 
    PC1
2
 .044 .008 <.0001 -223 
   Gosner stage PC1 .125 .087 .15 629 
    PC1
2
 .21 .08 .009 624 
16 L R ln svl PC1 .035 .007 <.0001 -204 
    PC1
2
 .032 .004 <.0001 -243 
   Gosner stage PC1 .079 .072 .293 623 
     PC1
2
 .158 .042 .0003 610 
17 L R ln svl PC1 .058 .006 <.0001 -299 
    PC1
2
 .052 .004 <.0001 -326 
   Gosner stage PC1 .291 .041 <.0001 403 
    PC1
2
 .266 .038 <.0001 403 
18 L R ln svl PC1 .037 .011 .0007 -80 
    PC1
2
 .042 .08 <.0001 -98 
   Gosner stage PC1 .162 .091 .0786 507 
    PC1
2
 .16 .066 .0175 504 
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19 L P ln svl PC1 .043 .009 <.0001 -186 
    PC1
2
 .042 .006 <.0001 -199 
   Gosner stage PC1 .114 .114 .006 714 
    PC1
2
 .266 .088 .003 713 
20 L P ln svl PC1 .053 .008 <.0001 -235 
    PC1
2
 .038 .006 <.0001 -227 
   Gosner stage PC1 .358 .088 <.0001 630 
    PC1
2
 .266 .068 .0002 631 
21 L P ln svl PC1 .033 .008 <.0001 -213 
    PC1
2
 .046 .01 <.0001 -216 
   Gosner stage PC1 .171 .117 .145 741 
    PC1
2
 .414 .154 .008 736 
22 L P ln svl PC1 .057 .011 <.0001 -131 
    PC1
2
 .048 .008 <.0001 -139 
   Gosner stage PC1 .365 .125 .004 711 
    PC1
2
 .296 .874 .001 709 
23 L P ln svl PC1 .033 .01 .001 -117 
    PC1
2
 .032 .006 <.0001 -128 
   Gosner stage PC1 .21 .119 .0785 716 
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    PC1
2
 .226 .08 .005 712 
24 L P ln svl PC1 .03 .009 .00166 -136 
    PC1
2
 .022 .006 <.0001 -143 
   Gosner stage PC1 .449 .17 .00884 802 
    PC1
2
 .266 .1 .009 802 
 
Note: Density treatments are represented by H (high-conspecific density) and L (low-
conspecific density).  Resource treatments are represented by R (rich-detritus availability) 
and P (poor-detritus availability).  PC1 is a composite shape variable that measures 
trophic morphology.  The fitness measures, sample size and regression terms are given 
for each pool, along with the estimated selection gradient for each term, its standard error 
(SE), t-statistic, probability of rejecting the null hypothesis that the estimated coefficient 
is zero, and the Akaike’s information criterion corrected for sample size (AICc).   For 
quadratic regressions, positive selection gradients signify disruptive selection, and the 
quadratic regression coefficient is doubled to calculate the quadratic selection gradient (!) 
and the associated standard error (SE) is also doubled.  Bolding signify models with the 
best fit (i.e., the model with the lowest AICc value). 
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Table B3: Statistical comparison of treatment means of ! using Tukey’s HSD.  
Linear contrasts Difference SE z value P 
Gosner Stage     
H/P – H/R .447 .067 6.634 < .0001 
H/P – L/P .737 .067 10.924 < .0001 
H/P – L/R .854 .067 12.662 < .0001 
H/R – L/P .289 .067 4.291 .0001 
H/R – L/R .407 .067 6.028 < .0001 
L/P – L/R - .117 .067 - 1.738 .304 
ln SVL     
H/P – H/R .054 .007 7.508 < .001 
H/P – L/P .079 .007 10.937 < .001 
H/P – L/R .07 .007 9.732 < .001 
H/R – L/P .025 .007 3.429 .003 
H/R – L/R .016 .007 2.225 .117 
L/P – L/R .009 .007 -1.205 .624 
 
Note: Gosner stage and ln SVL serve as fitness proxies. Treatment combinations are 
represented by H/P (high-conspecific density; poor detritus availability), H/R (high-
conspecific density; rich-detritus availability), L/P (low-conspecific density; poor-detritus 
availability), L/R (low-conspecific density; rich-detritus availability).  Also given is the 
mean difference between each comparison, its standard error (SE), z value, and 
probability of rejecting the null hypothesis that treatment means do not differ.   
! "#$!
Table B4: Effect of competition and ecological opportunity on the intensity of disruptive 
selection on trophic morphology.  
Density/Resource 
treatment ! (mean) ! (s.d.) !bootstrapped mean (median) 
!bootstrapped mean 
upper 95% C.I 
!bootstrapped mean 
lower 95% C.I. 
Gosner stage      
H/P 1.026 .159 .916 1.016 .824 
H/R .578 .137 .602 .678 .536 
L/P .289 .066 .236 .284 .195 
L/R .172 .074 .208 .234 .185 
ln SVL      
H/P .117 .015 .104 .116 .092 
H/R .063 .012 .064 .072 .056 
L/P .038 .01 .04 .05 .03 
L/R .047 .012 .048 .052 .042 
 
Note: Experimental treatments are HP (high-conspecfic density; poor-detritus 
availability), HR (high-conspecific density; rich-detritus availability), LP (low-
conspecific density; poor-detritus availability), and LR (low-conspecific density; rich-
detritus availability).  (a) Development (Gosner stage) and (b) Body size (ln SVL, mm) 
serve as proxies for fitness.  Shown are mean quadratic selection gradients (!) of the six 
experimental pools in each treatment and the associated standard deviations (s.d.), the 
median of the mean bootstrapped ! of each treatment (!bootstrap ) estimated from 10,000 
bootstrapped quadratic regressions for each pool and the associated 95% confidence 
intervals. 
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Table B5: Tests for the effect of intraspecific competition and resource availability on 
the expression of resource polymorphism in experimental pools.  
Pool 
Survival 
(%) 
Sample 
size 
Density/Resource 
treatment Divergence Bimodality 
M.L. 
!AICc 
B. 
!AICc 
1 .745 500 H/R 3.063 .976 369 336 
2 .747 498 H/R 3.949 .994 268 265 
3 .629 498 H/R 3.636 .998 280 291 
4 .632 500 H/R 3.732 .99 385 371 
5 .633 500 H/R 3.969 .998 311 313 
6 .774 494 H/R 4.138 1 212 213 
7 .31 324 H/P 3.872 1 172 179 
8 .221 239 H/P 2.959 .983 96 99 
9 .306 330 H/P 2.887 .97 172 166 
10 .186 201 H/P 2.84 .965 109 111 
11 .275 296 H/P 2.782 .99 133 134 
12 .28 302 H/P 3.335 .99 105 106 
13 .722 130 L/R 4.031 .98 59 80 
14 .939 169 L/R 4.880 .994 109 137 
15 1 180 L/R 2.695 .955 196 180 
16 .983 177 L/R 3.086 .947 70 94 
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17 .978 176 L/R 3.642 .96 78 116 
18 .783 138 L/R 3.165 .978 53 77 
19 .994 179 L/P 3.591 .978 160 152 
20 .983 177 L/P 2.787 .983 37 41 
21 .733 132 L/P 3.254 .977 72 72 
22 .956 172 L/P 2.869 .965 52 52 
23 .928 166 L/P 3.382 .994 37 38 
24 .894 161 L/P 2.219 .894 108 97 
 
Note: Divergence and bimodality are measures of resource polymorphism in each 
experimental pool.  Divergence is a measure of the distance between modes of the fitted 
maximum likelihood mixture models for each experimental pool.  Our degree of 
bimodality was one minus the proportion of values falling between the two modes of 
trophic morphology, fit by maximum likelihood, in each experimental pool.  Greater 
expression of resource polymorphism is indicated by greater divergence in trophic 
phenotype and larger values of bimodality.  M.L. !AICc is the difference between the 
single normal distribution and the mixture of two normal distributions fit using maximum 
likelihood.  B. !AICc is the difference between the single normal distribution and the 
mixture of two normal distributions fit using Bayesian mthods.  !AICc greater than four 
suggest more support for the fit of a mixture model than the fit of a single normal 
distribution, while !AICc between negative four and four indicate equivalent support for 
the fit of the mixture models and single normal distribution and values of !AICc below 
negative four suggest more support for the fit of a single distribution. 
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APPENDIX C 
CHAPTER V SUPPLEMENTAL RESULTS 
Table C1: Summary of the top models (!AICc 0-2) explaining performance on detritus, 
as identified by model selection.  
 
 
!AICc Model wt. 
(wi) 
DR GL OH MP IH 
1 0.00 0.381 • • •   
2 0170.91 0.242 • • • •  
3 1.18 0.211 • • •  • 
4 1.66 0.166 • • • • • 
w+ i 
a 
 1.000 
(cum. w+) 
1.000 1.000 1.000 0.408 0.377 
 
Note: Also included are the occurrence and relative importance of the individual traits in 
the subset of top models. See table 1 for a key to trait abbreviations. 
a. The relative importance value (w+ i) is the sum of the Aikaike model weights (wi) for 
each model, I, the term occurs in, across the candidate models of the top model subset. 
Relative importance values rang e from 0 to 1, with values closer to 1 being more 
important in explaining performance on detritus. 
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Table C2: Summary of the top models (!AICc 0-2) explaining performance on shrimp, 
as identified by model selection.  
Model  
no. (i) 
!AICc Model wt. 
(wi) 
MP OH DR IH 
1 0.00 0.379 • •   
2 0.94 0.236 • • •  
3 1.09 0.220 • •  • 
4 1.41 0.165 • • • • 
w+ i 
a 
 1.000 
(cum. w+) 
1.000 1.000 0.401 0.385 
 
Note: Also included are the occurrence and relative importance of the individual traits in 
the subset of top models. See table 1 for a key to trait abbreviations. 
a. The relative importance value (w+ i) is the sum of the Aikaike model weights (wi) for 
each model, I, the term occurs in, across the candidate models of the top model subset. 
Relative importance values rang e from 0 to 1, with values closer to 1 being more 
important in explaining performance on shrimp. 
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Table C3: Summary of the top models (!AICc 0-2) explaining survival of S. multiplicata 
in competition with S. bombifrons, as identified by model selection.  
Model  
no. (i) 
!AICc Model 
wt. 
(wi) 
DR GL
d 
GL
s
 GL
p
 OH
d 
OH
s 
OH
p 
MP
d 
MP
s
 MP
b 
1 0.00 0.672 •          
2 1.43 0.328 • •         
w+ i 
a 
 1.000 
(cum. 
w+) 
1.000 0.328 0 0 0 0 0 0 0 0 
 
Note: Also included are the occurrence and relative importance of the individual traits in 
the subset of top models. See table 1 for a key to trait abbreviations. 
a. The relative importance value (w+ i) is the sum of the Aikaike model weights (wi) for 
each model, I, the term occurs in, across the candidate models of the top model subset. 
Relative importance values rang e from 0 to 1, with values closer to 1 being more 
important in explaining in competition with S. bombifrons. 
 
 
